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INTRODUCTION 

Epidemiological  and  clinical  evidence  indicate  that  breast  cancer  risk  is  associated  with 
prolonged  exposure  to  female  ovarian  hormones  [1-4].  Breast  cancer  is  a  hormone-  and  sex- 
dependent  malignancy  whose  development  is  influenced  by  a  myriad  of  hormones  and  growth 
factors  [5,6],  from  which  estrogens  have  been  demonstrated  to  be  of  essential  importance  in  this 
phenomenon  as  it  is  observed  in  postmenopausal  hyperestrogenism  resulting  from  the  use  of 
estrogenic  hormone  replacement  therapy  and  obesity  [7,8]. 

Estrogens,  that  are  necessary  for  the  normal  development  of  both  reproductive  and  non- 
reproductive  organs,  exert  their  physiological  effects  by  binding  to  their  specific  receptors,  the 
estrogen  receptors  (ER)  a  or  (3.  Estrogens  might  act  as  well  through  alternate  non-receptor 
mediated  pathways  [17].  E2,  under  the  effect  of  17  a-oxidoreductase  is  continuously 

interconverted  to  estrone  (Ei),  and  both  are  hydroxylated  at  C-2,  C-4,  or  C-16  a  positions  by 
cytochrome  P450  isoenzymes,  i.e.,  CYP1A1,  CYP1A2,  or  CYP1B1,  to  form  catechol  estrogens 
[18-23].  The  demonstration  that  the  catecholestrogen  4-hydroxyestradiol  (4-OH-E2)  induces  an 
estrogenic  response  in  the  uterus  of  ER  a  null  mice,  and  the  fact  that  this  response  is  not 
inhibited  by  the  antiestrogen  ICI-182,  780  [9],  indicate  that  this  catecholestrogen  does  not  exert 
its  effect  on  the  ER.  The  metabolic  activation  of  estrogens  can  be  mediated  by  various 
cytochrome  P450  (CYP)  complexes,  generating  through  this  pathway  reactive  intermediates  that 
elicit  direct  genotoxic  effects  by  increasing  mutation  rates.  An  increase  in  CE  due  to  either 
elevated  rates  of  synthesis  or  reduced  rates  of  monomethylation  will  easily  lead  to  their 
autoxidation  to  semiquinones  and  subsequently  quinones,  both  of  which  are  electrophiles  capable 
of  covalently  binding  to  nucleophilic  groups  on  DNA  via  a  Michael  addition  and  thus,  serve  as 
the  ultimate  carcinogenic  reactive  intermediates  in  the  peroxidatic  activation  of  CE.  Thus, 
estrogen  and  estrogen  metabolites  exert  direct  genotoxic  effects  that  might  increase  mutation 
rates,  or  compromise  the  DNA  repair  system,  leading  to  the  accumulation  of  genomic  alterations 
essential  to  tumorigenesis  [18-23].  Although  this  pathway  has  been  demonstrated  in  other 
systems  [18-20],  it  still  needs  to  be  demonstrated  in  human  breast  epithelial  cells. 

Furthermore,  if  estrogen  is  carcinogenic  in  the  human  breast  through  the  above  mentioned 
pathway  it  would  induce  in  breast  epithelial  cells  in  vitro  transformation  phenotypes  indicative  of 
neoplasia  and  also  induce  genomic  alterations  similar  to  those  observed  in  spontaneous 
malignancies,  such  as  DNA  amplification  and  loss  of  genetic  material  that  may  represent  tumor 
suppressor  genes  [24-39].  In  order  to  test  this  hypothesis  we  have  evaluated  the  transforming 
potential  of  E2  on  human  breast  epithelial  cells  (HBEC)  in  vitro,  utilizing  the  spontaneously 
immortalized  HBEC  MCF-10F  [40,41].  This  cell  line  lacks  both  ER-  a  and  ER-p  although  this 
latter  receptor  is  induced  in  cells  transformed  by  chemical  carcinogens  [42], 

In  the  present  work  we  report  that  the  same  phenotypes  and  characteristics  that  were  expressed 
by  MCF-10F  cells  transformed  by  the  chemical  carcinogen  benz  (a)  pyrene  (BP),  oncogenes  [43- 
46]  and  E2  treated  cells  [47]  are  also  induced  by  metabolites  of  E2,  such  as  4-OH-E2  and  that  the 
transformation  phenotypes  were  not  abrogated  by  an  antiestrogen  receptor. 
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Direct  mutagenic  and  transforming  activities  of  estrogens  in  cultured  Syrian  hamster  embryonic 
cells  were  documented  more  than  a  decade  ago,  but  whether  these  results  are  relevant  to  human 
situation  has  been  subject  to  debate  because  rodent  cells  in  general  are  easier  to  be  transformed 
than  human  cells.  Therefore,  we  have  investigated  the  carcinogenic  potential  of  estrogens  in 
human  breast  epithelial  cells  in  vitro.  Using  our  established  in  vitro  cell  transformation  model 
we  have  proposed  two  specific  aims  1-To  determine  whether  estrogens  induce  neoplastic 
transformation  of  normal  HBEC  MCFlOFcells  through  receptor  mediated  hormonal  activities 
and  2-To  determine  whether  estrogens  promote  neoplastic  progression  of  estrogen  or  chemical 
carcinogen  transformed  derivatives  of  MCF10F  cells.  This  progress  report  covers  the  period 
of  August  1  2001  to  July  30,  2002,  period  in  which  we  have  been  able  to  accomplish  the 
Specific  Aim  1  as  indicated  below. 


1-The  experimental  model. 


MCF-10F  cells  were  cultured  in  DMEM:F-12  medium  containing  1.05  mM  calcium  (Ca2+), 
antibiotics,  antimycotics,  hormones,  growth  factors,  and  equine  serum  as  previously  described 
[44].  Culture  media  were  prepared  by  the  Central  Center  Tissue  Culture  Facility  at  the  Fox 
Chase  Cancer  (Philadelphia,  PA).  MCF-10F  cells  were  treated  with  0.00, 0.007  nM,  70  nM,  or  1 
pM  of  17-P-estradiol  (E2)  (Aldrich,  St.  Louis,  MO),  dimethylstilbestrol  (DM-DES)  (Sigma 
Chemical  Co.,  St.  Louis,  MO);  2  hydroxy  estradiol  (2-OH-E2),  4-hydroxy-estradiol  (4-OH-E2), 
16-a-hydroxy-estradiol  (I601-OH-E2),  benz  (a)  pyrene  (BP),  and  cholesterol  (Sigma  Chemical 
Co.,  St.  Louis,  MO).  The  pure  antiestrogen  ICI-182,780  in  combination  with  E2  or  4-OH-E2  at 
the  same  doses  described  above  were  also  used  in  this  experiment.  Treatments  were  repeated 
during  the  second  week,  and  cells  were  collected  at 
the  14th  day  for  phenotypic  analysis  (Figure  1). 

Figure  1.  MCF-10F  cells  were  treated  with  the  different 
compounds:  cholesterol,  E2,  2-OH-E2,  4-OH-E2,  16-a-E2, 

DES  or  BP  at  72  hrs  and  120  hours  post  plating  for  24  hours 
each  followed  by  change  of  the  culture  media.  Treatments 
were  repeated  during  the  second  week,  and  cells  were 
collected  at  the  l4h  day  for  phenotypic  analysis. 
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At  the  end  of  each  treatment  period  the  culture 

medium  was  replaced  with  fresh  medium.  At  the  end  of  the  second  week  of  treatment  the  cells 
assayed  for  colony  efficiency  (CE),  colony  size  (CS),  and  ductulogenic  capacity  in  collagen  gel 
and  invasiveness  in  matrigel,  as  described  in  previous  publications  [44-45]. 


ii-  Effect  of  estrogen  and  its  metabolites  on  colony  assay 

E2,  DES,  2-OH-E2,  4-OH-E2,  16a-OH-E2  and  BP  induce  the  formation  of  colonies  in  agar 
methocel,  whereas  cells  treated  with  cholesterol  were  unable  to  produce  colonies  (Figure  2).  The 
size  of  the  colonies  was  over  60pm  in  diameter,  although  the  size  was  significantly  smaller 
(P<0.01)  in  those  cells  treated  with  2-OH-E2  (Figure  3).  Whereas  the  number  of  colonies  was 
dose  dependent  reaching  its  maximum  efficiency  at  the  concentration  of  70nM  for  most  of  the 
compounds,  4-OH-E2  was  the  most  efficient  in  inducing  greater  colony  efficiency  at  a  dose  of 
0.007nM  (Figure  4).  The  dose  response  for  E2  and  BP  were  very  similar,  whereas  DES,  16-a- 
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OH  E2  and  2-OH-E2  were  weaker  carcinogenic  agent  at  0.007nM  and  70nM,  than  4-OH-E2,  E2 
and  BP  (Figure  4). 


Figure  2:  MCF-10F  cells  plated  in  agar-methocel for  colony 
assay.  Phase  contrast  microscopy  X  4. 


Concentration 

Figure  3  Plot  showing  the  colony  size  of  the  cells  treated  at 
different  concentrations  of  the  compounds  tested .  2-OH  E2 
is  the  only  compound  in  which  the  colony  size  was 
consistently  below  the  60-micrometer  range 


Figure  4:  Plot  showing  the  dose  effect  of  17-/3 -estradiol  (E2),  2-OH - 
estradiol  (2-OH-E2),  4-OH-estradiol  ( 4-HO-E2 ),  Diethylstilbestrol 
(DES),  Benz  (a)  pyrene  (BP),  1 6- a-OH-estradiol  (I6-&E2)  and 
cholesterol  on  colony  efficiency 


iii-Effect  of  estrogen  and  its  metabolites  on  ductulogenesis 


Ductulogenesis  was  quantitatively  evaluated  by  estimating  the  ability  of  the  cell  plated  in 
collagen  to  form  tubules  or  spherical  masses(SM)  (Figure5). 


Figure  5a;  MCF  10F  cells  treated  with  Solvent  (DMSO)  or  cholesterol 
forming  well  defined  ductular  structures  in  collagen  matrix ;  b,  0.007nM  of 
E2  induces  alteration  in  the  ductular  pattern;  c,  70nM  of  E2  induces  the 
loss  of  ductular  formation  in  collagen  matrix;  d  to  f  E2+ICI  at  0.007 nM, 
70nM  and  1/M  respectively;  h  to  I,  4-OH-E2  at  0.007 nM,  70nM  and  1/jM 
respectively;  J  to  l,  4-OH-E2  +  ICI  at  0.007nM,  70nM  and  1/M  respectively. 
Phase  contrast  microscope  X10. 


Non  transformed  cells  produce  ductules  like  structure  and 
transformed  cells  produce  solid  masses  of  cells.  Cells  treated 
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with  DMSO,  or  cholesterol  at  different  concentrations  were  unable  to  alter  the  ductular  pattern 
(Figure  5).  E2,  BP,  DES,  2-OH-E2,  4-OH-E2  and  16-a-OH-E2  treated  cells  induce  the  loss  in 
MCF10F  cells  to  produce  ductules  in  a  dose  dependent  fashion  and  the  number  of  solid  masses 
paralleled  the  formation  of  colonies  in  agar  methocel  (Figures  5-10). 


0  0.007nM  70  nM  1*M 

17*0***tr»dlo! 


Figure  5:  Plot  showing  the  dose  effect  of  17-  fi  - estradiol  on 
MCF-10F  cells  forming  either  ductular  structures  or  solid  masses 
in  collagen  matrix  per  10,000  cells  plated  in  comparison  with  the 
colony  efficiency . 


0  Q.007nM  70nM  I^M 

DES 


Figure  6:  Plot  showing  the  dose  effect  of  DES  on  MCF-10F  cells 
forming  either  ductular  structures  or  solid  masses  in  collagen 
matrix  per  10,000  cells  plated  in  comparison  with  the  colony 
efficiency . 


Figure  7:  Plot  showing  the  dose  effect  of  2-OH-estradiol  on 
MCF-10F  cells  forming  either  ductular  structures  or  solid  masses 
in  collagen  matrix  per  10,000  cells  plated  in  comparison  with  the 
colony  efficiency. 


0  0.007nM  TOnM  1*M 

2-OH-tttradlol 


Figure  8:  Plot  showing  the  dose  effect  of  4-OH-estradiol  on 
MCF-10F  cells  forming  either  ductular  structures  or  solid 
masses  in  collagen  matrix  per  10,000  cells  plated  in 
comparison  with  the  colony  efficiency. 


0  0.007nM  TOnM  IjcM 
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Figure  10:  Plot  showing  the  dose  effect  of  benz(a)pyrene 
on  MCF-10F  cells  forming  either  ductular  structures  or 
solid  masses  in  collagen  matrix  per  10,000  cells  plated  in 
comparison  with  the  colony  efficiency. 


Figure  9:  Plot  showing  the  dose  effect  of  16-a-OH- 
estradiol  on  MCF-10F  cells  forming  either  ductular 
structures  or  solid  masses  in  collagen  matrix  per  10,000 
cells  plated  in  comparison  with  the  colony  efficiency. 


B#nz(a)pyr*n#l 


4-OH-E2  at  a  dose  of  0.007nM  induces  significant  changes  in  the  ductulogenic  capacity  and 
maximal  number  of  solid  masse  was  observed  (Figure  8),  when  compared  with  the  other 
compounds.  Cells  treated  with  2-OH-E2  (Figure  6)  or  16-a-OH-E2  (Figure  9)  are  less  efficient 
in  altering  the  ductulogenic  capacity.  The  pattern  of  formation  of  solid  masses  in  collagen 
matrix  followed  the  same  pattern  of  formation  of  colonies  in  agar-methocel  (Figures  5-10). 


Figure  11.  Histological  sections  of  cells  growing  in 
collagen  gel.  The  cells  have  been  fixed  in  buffered 
formalin,  embedded  in  paraffin  and  the  sections  stained 
with  hematoxylin  and  eosin .  a;  MCF  10F  cells  treated 
with  solvent  (DMSO)  or  cholesterol  forming  well  defined 
ductular  structures  lined  by  a  single  cuboidal  layer  of 
cells;  b,  0.007 nM  of  E2  induces  alteration  in  the  ductular 
pattern  forming  solid  masses;  c,  70nM  of  E2  induces  the 
loss  of  ductular  formation  in  collagen  matrix  and  the 
solid  masses  are  composed  of  large  cuboidal  cells.  The 
doses  of  lfjM  of  E2  produce  the  same  effect :  BP  a 
chemical  carcinogen  induce  the  same  morphological 
changes;  d,  e  and  f  solid  masses  of  MCF  1  OF  cells 
transformed  with  17 -ff  estradiol  and  incubated  at  the 
same  time  and  doses  with  ICI.  The  doses  used  were 
0.007nM,  70nM  and  1/jM  respectively;  g,  h  and  I  shows 
the  histological  appearance  of  MCF  1  OF  cells 
transformed  with  4-OH-Estradiol  at  0.007, 70nM  and 
1/jM  respectively ;  j,  k  and  l  histological  appearance  of 
MCF10F  cells  transformed  with  4-OH-Estradiol  in 
presence  of  ICI  at  the  concentration  of  0.007, 70nM  and 
lpM  respectively.  Bright  field  microscope  X10. 
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Histological  analysis  of  the  paraffin  embedded  ductules  and  solid  masses  of  cells  growing  in 
collagen  matrix  shows  that  MCF10-F  cells  form  ductules  in  collagen  matrix  that  are  lined  by  a 
single  layer  of  cuboidal  epithelial  cells  (Figure  11a),  this  pattern  was  not  disturbed  by  cholesterol 
or  DMSO  treatment.  E2,  DES,  BP  and  all  the  metabolites  tested  significantly  impair  the 
formation  of  ductules  replacing  them  by  structures  filled  by  large  cuboidal  cells  (Figures  1  lb,c, 
g,  h,  i).  Most  of  the  cells  are  actively  proliferating  as  detected  buy  Immunostaining  with 
Ki67(data  not  shown). 


iv-Effect  of  estrogen  and  its  metabolites  on  invasion 


Based  on  the  data  that  70nM  concentration  was  optimal  for  all  the  compounds  to  induce  maximal 


colony  formation,  this  was  the 


doses  utilized  for  measuring  invasiveness  in  a  matrigel 
membrane.  Significant  number  of  cells  invading  the  matrigel 
was  observed  in  MCF10F  cells  treated  with  E2,  DES,  4-OH- 
E2  and  BP  (Figures  12a-h  and  13).  The  number  of  cells 
invading  the  matrigel  membrane  was  significantly  lower 
when  treated  with  2-OH-E2  and  16-a-OH  E2  (Figure  13). 

Figure  12:  Invaded  cells  stained  by  Diff-  Quick  stain  are  seen  in  the 
membrane,  a;  MCF  10F  cells  treated  with  solvent  (DMSO)  or 
cholesterol;  b,  0.007nM  of  E2;  c,  70nM  ofE2;  d,  e  and  f  MCF10F  cells 
transformed  with  17 -fi- estradiol  and  incubated  at  the  same  time  and 
doses  with  IC1;  g,  h  and  1  MCF10F  cells  transformed  with  4-OH- 
Estradiol  at  0.007, 70nM  and  lftM  respectively;  j,  k  and  l  MCF10F  cells 
transformed  with  4-OH-Estradiol  in  presence  of  ICI  at  the 
concentration  of  0.007, 70nM  and  lpM  respectively.  Bright  field 
microscope  X10. 
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Figure  13:  Histogram  depicting  the  number  of  | 
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v-Effect  of  the  pure  antiestrogen  ICl-182,780  on  the  expression  of  transformation  phenotypes 

The  transformation  effect  of  17-p-estradiol  measured  by  colony  formation  in  agar  methocel  was 
abrogated  by  ICI-182,780  (Figure  14).  The  ductulogenic  capacity  was  restored  in  presence  of 
ICI,  however  the  histological  appearance  of  the  ductules  was  not.  The  cross  section  of  the 
structures  are  filled  with  large  cuboidal  cells  (Figures  1 1  d,  e  and  f)  similar  to  those  cells  treated 
with  estradiol  (Figures  lib  and  c).  At  difference  of  17  (3-estradiol,  4-OH  E2  transforming 


Cont  E2  DES  40H-E2  20H-E2  BP  Prog. 
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phenotypes  were  not  abrogated  by  ICI  (Figure  15).  Interestingly  the  cross  sections  of  the 
ductules  and  solid  masses  in  collagen  have  larger  diameter  and  greater  number  of  cuboidal 
epithelial  cells  (Figure  1 1  j,  k  and  1).  Of  interest  was  the  fact  that  neither  ICI  nor  tamoxifen  were 
able  to  abrogate  the  invasive  phenotype  induced  by  E2  or  4-OH-E2  (Figure  16). 


Figure  14:  Plot  showing  the  dose  effect  of  17- /3  estradiol  alone 
or  in  combination  with  ICI  on  MCF-10F  cells  forming  either 
ductular  structures  or  solid  masses  in  collagen  matrix  per 
10,000  cells  plated  in  comparison  with  the  colony  efficiency 


Figure  15:  Plot  showing  the  dose  effect  of  4-OH-estradiol 
alone  or  in  combination  with  ICI  on  MCF-10F  cells  forming 
either  ductular  structures  or  solid  masses  in  collagen  matrix 
per  10,000  cells  plated  in  comparison  with  the  colony 
efficiency. 


Treatment  (70  nM) 


Figure  16:  Histogram  depicting  the  number  of  cells  that 
has  migrated  the  matrigel  membrane. 


iv  Data  interpretation 

In  the  present  work  we  demonstrate  that  estradiol  and  its  metabolites  mainly  4-OH  estradiol  are 
able  to  induce  transformation  phenotypes  in  the  human  breast  epithelial  cells  MCF-10F.  This 
cell  line  is  a  spontaneously  immortalized  HBEC  with  most  of  the  properties  of  a  normal  cell 
including  anchorage  dependent  growth,  growth  factor  dependency  and  a  diploid  karyotype 
[40,41].  MCF-10F  cell  line  does  not  contain  measurable  level  of  ER  a  or  ER  P  and  has  been 
successfully  transformed  with  BP  [42-45],  radiation  [48],  and  polyciclic  aromatic  hydrocarbons 
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[44].  Short  term  treatment  of  these  cells  with  physiological  doses  of  17-P  estradiol  or  DES 
induces  anchorage  independent  growth,  colony  formation  in  agar  methocel,  and  reduced 
ductulogenic  capacity  in  collagen  gel,  all  phenotypes  whose  expression  is  indicative  of 
neoplastic  transformation,  and  that  are  induced  by  BP  under  the  same  culture  conditions  [47,49]. 
We  have  shown  that  progesterone  was  unable  to  induce  significant  increase  in  colony  formation, 
although  small  colonies  less  than  50  pm  in  diameter  were  observed,  whereas  none  were  found  in 
the  MCF10F  cells  treated  with  DMSO.  The  ductulogenic  pattern  was  not  impaired  by 
progesterone  but  the  luminal  size  was  smaller  that  those  found  in  the  MCF10F  cells  [47].  Since 
invasion  of  the  extracellular  matrix  and  the  basement  membrane  by  tumor  cells  is  a  crucial  event 
in  tumor  metastasis  the  ability  of  the  transformed  cells  to  invade  Matrigel  in  vitro  was  assessed. 
The  reconstituted  basement  membrane  invasion  assay  has  been  use  successfully  to  measure 
transformation  phenotypes  with  different  cell  lines  [50-58]  and  in  the  present  work  we  clearly 
shows  that  17-(3-estradiol  at  70nM  is  able  to  increase  significantly  the  number  of  cells  invading 
the  matrigel.  The  same  effect  was  observed  with  DES,  BP  and  all  the  metabolites  tested. 

Altogether  these  data  clearly  indicate  that  HBEC  when  treated  with  17-P-estradiol  produces 
significant  morphogenetic  changes.  The  fact  that  the  MCF10F  cells  are  both  ERa  and  P 
negative,  argue  in  favor  of  a  metabolic  activation  of  estrogens  mediated  by  various  cytochrome 
P450  (CYP)  complexes,  generating  through  this  pathway  reactive  intermediates  that  elicit  direct 
genotoxic  effects  by  increasing  mutation  rates.  The  transforming  effect  of  E2  is  observed  even  at 
doses  of  0.007nM  that  is  in  the  physiological  range,  although  maximal  effect  is  observed  at 
70nM.  The  role  of  E2  concentration  is  supported  by  data  in  which  excessive  synthesis  of  E2  by 
overexpression  of  CYP19  in  target  tissues  [59-63]  and/or  the  presence  of  excess  sulfatase  that 
converts  stored  Ei  sulfate  to  Ei  [64]  can  be  achieved  at  the  organ  site.  The  observation  that 
breast  tissue  can  synthesize  E2  in  situ  suggests  that  much  more  E2  is  present  in  some  locations  of 
target  tissues  than  would  be  predicted  from  plasma  concentration  [63].  In  animal  models  such  as 
the  Syrian  golden  hamster  and  ACI  rat,  implantation  of  E2  produces  tumors  in  the  kidney  [65,66] 
and  mammary  gland  [67].  In  fact,  in  the  kidney  of  Syrian  golden  hamsters  treated  chronically 
with  E2  is  due  to  less  protective  methylation  of  2-CE  and  more  pronounced  oxidation  of  CE  to 
CE-Q  [68]. 

From  all  the  estrogen  metabolites  tested  2-OH-estradiol  is  the  less  transforming  agent  with  very 
low  colony  efficiency,  and  the  colonies  thus  formed  were  smaller.  This  is  in  agreement  from 
what  we  know  about  this  compound.  [69-71].  The  2-OH-E2  due  to  their  metabolic  redox  cycling 
could  generate  reactive  estrogen  quinones  and  free  radicals,  which  are  highly  cytotoxic  [72]. 
This  could  explain  also  the  lower  number  of  solid  masses  generated  in  collagen  matrix  at  lpM. 
Although  2-OH-E2  can  undergo  metabolic  redox  cycling  to  generate  free  radicals  such  as 
superoxide  and  the  chemically  reactive  estrogen  semiquinone-quinone  intermediates  [73-75], 
which  may  damage  DNA  and  other  cellular  constituents  [76-78],  little  or  not  tumorigenic  activity 
towards  the  male  Syrian  hamster  kidney  [79-80]  has  been  reported.  Of  interest  is  the  fact  that 
HBEC  also  behaves  in  the  same  fashion,  but  can  not  rule  out  its  transforming  effect  in  the 
ductulogenic  pattern  that  is  abrogated  by  this  compound  and  by  the  invasive  capacity  of  the 
transformed  cells  that  scored  at  the  same  level  than  BP.  At  the  present  time  we  do  no  have  an 
explanation  for  this  discrepancy.  The  low  carcinogenicity  of  2-OH-E2  could  be  due  to  a  faster 
rate  of  metabolization  by  catechol-O-methyltransferase  catalyzed  O  methylation  [81,82],  a  more 
rapid  clearance  in  vivo  [83]  and  possess  weaker  hormonal  potency  in  estrogen  target  tissues 
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[69,70,84-89].  Moreover,  2-methoxiestradiol,  (a  product  of  subsequent  enzymatic  O- 
methylation  of  2-OH-E2)  is  a  very  potent  inhibitor  of  tumor  cell  proliferation  [90-95]  and 
angiogenesis  [93,95]  which  may  be  an  important  reason  for  the  lack  transforming  ability  in 
HBEC. 

The  estrogen  metabolite  4-OH  estradiol  is  the  most  efficient  in  inducing  colonies  in  agar 
methocel  and  the  abrogation  of  ductulogenesis,  forming  solid  masses  of  cells  in  collagen  matrix 
even  at  the  lowest  doses  tested  0.007nM.  Also  the  compound  scored  high  number  of  invading 
cells  in  matrigel.  Interestingly  4-hydroxylation  of  estradiol  is  a  dominant  pathway  for  catechol 
estrogen  formation  in  several  extrahepatic  targeting  tissues  [96,97]  including  human  breast  and 
uterus  [98-100].  4-OH  E2  is  similar  to  estradiol  in  its  ability  to  bind  and  activate  the  classical 
estrogen  receptor  [66,70,71,84].  However,  in  our  study  we  demonstrated  that  a  pure  antiestrogen 
ICI- 182,780  was  unable  to  abrogate  at  the  different  doses  used  the  transforming  effect  of  4-OH- 
E2.  Instead  ICI- 182,780  was  able  to  abrogate  the  transforming  effect  of  17-p-estradiol. 
Although,  the  main  difference  between  4-OH-E2  and  E2  in  the  interaction  with  the  estrogen 
receptor  is  that  4-OH  E2  interaction  occurs  with  a  reduced  dissociation  rate  compared  with 
estradiol  [71,101],  suggesting  that  the  association  of  4-OH-E2  with  the  ER  may  last  longer  than 
for  the  parent  hormone,  estradiol.  This  is  supporting  a  direct  effect  of  4-OH-E2  independently  of 
the  typical  ER  pathway.  The  uterotrophic  potency  of  4-OH-E2  is  slightly  weaker  than  estradiol 
[102],  possible  to  the  faster  metabolic  clearance  than  estradiol.  However,  4-OH-E2  had  stronger 
activity  than  estradiol  in  inducing  progesterone  receptor  formation  in  the  rat  pituitary  under 
experimental  conditions  [71]  but  in  our  experimental  system  we  have  observed  that  4-OH-E2 
does  not  induce  the  formation  of  PgR  (Unpublished  observations).  More  importantly  4-OH-E2 
undergoes  metabolic  redox  cycling  to  generate  free  radicals  such  as  superoxide  and  the 
chemically-reactive  estrogen  semiquinone/quinone  intermediates.  These  metabolite 
intermediates  may  damage  DNA  and  other  cellular  constituents  [103],  induce  cell 
transformations  [104]  and  initiate  tumorigenesis  [72,74,80,105-109].  Although  direct  injection 
of  estrone-3, 4-quinone  into  the  rat  mammary  gland  did  not  induce  the  formation  of  mammary 
tumors  [110]  it  does  in  liver  [106].  The  genotoxic  effect  of  4-OH-E2  is  demonstrated  by  the 
induction  of  LOH  in  chromosome  17  (Russo,  J.  et  al.,  unpublished  observations).  The  relevance 
of  the  in  vitro  study  is  also  supported  by  the  elevated  levels  of  4-hydroxylase  activity  observed  in 
human  breast  cancer  compared  with  to  normal  breast  tissue  [1 1 1]  and  that  4-OH-E2  appears  to  be 
the  most  abundant  estrogen  metabolite  in  human  breast  cancer  [112].  The  local  concentration  of 
4-OH-estradiol  for  increasing  cell  proliferation  and  tumor  development  that  has  been  emphasized 
by  other  authors  [102-109]  is  supported  by  the  levels  of  P4501B1  [113,114]  that  catalyze  the 
formation  of  4-OH-E2,  explaining  the  transforming  effect  of  DES  and  E2  in  these  cells.  In  the 
present  work  we  show  for  the  first  time  evidences  that  transformation  of  HBEC  can  be  induced 
by  this  metabolite. 

The  transforming  ability  of  16-a-OH-E2  is  demonstrated  at  the  70  nM  and  l|xM  range  indicating 
that  even  though  is  a  transforming  agent  is  less  efficient  than  4-OH  estradiol  and  even  the  parent 
compound.  Several  publications  indicate  the  possible  role  of  16-oc-hyrdroxylation  in  mammary 
tumor  formation  [115-117].  Supporting  the  carcinogen  effect  is  the  finding  the  estrogen  16  a 
hydroxylation  was  higher  in  terminal  duct  lobular  units  in  cancerous  or  non  cancerous  tissues 
from  women  with  breast  cancer  compared  with  breast  tissue  (reduction  mammoplasties)  from 
women  without  cancer  [118].  Enhanced  16-a-hydroxylation  was  also  detected  in  healthy 
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women  at  high  risk  for  breast  cancer  (from  cancer-prone  families)  [119,120].  Treatment  of 
cultured  human  mammary  tissue  with  7,12-dimethylbenz[a]anthracene  (DMBA)  coordinately 
increased  the  ras  protooncogene  expression  and  estradiol  16-cx-hydroxylation  in  terminal  duct 
lobular  units  [121].  16-a-Hydroxyestrone  increased  unscheduled  DNA  synthesis  and 
anchorage-independent  growth  of  mouse  mammary  epithelial  cells  in  culture,  which  suggests 
possible  genotoxicity  for  this  estrogen  metabolite  [122].  In  addition,  16-a-hydroxyestrone  (but 
not  2-hydroxyestrone)  enhanced  the  carcinogen-initiated  growth  stimulation  of  cultured  mouse 
mammary  epithelial  cells  [122,123].  Animal  studies  showed  that  in  several  different  strains  of 
mice  with  varying  incidence  of  spontaneous  mammary  tumors,  the  extent  of  16-a-hydroxylation 
of  estradiol  was  positively  correlated  with  their  mammary  tumor  incidence  [124].  All  these 
reports  are  supporting  our  finding  that  at  the  doses  tested  it  induces  anchorage  independent 
growth  and  alter  the  ductulogenic  capacity  of  MC10  F  cells.  On  the  other  hand  other  reports 
suggested  that  increased  urinary  excretion  of  catechol  estrogens  but  not  16-a-hydroxylated 
estrogens  is  correlated  with  an  increased  risk  for  non-familial  breast  cancer  [125-127].  More 
recent  studies  showed  that  a  Finnish  population  (with  high  risk  for  developing  breast  cancer)  had 
an  increased  urinary  excretion  of  catechol  estrogens  relative  to  16-a-hydroxylated  estrogens 
when  compared  with  an  oriental  population  at  a  lower  risk  [126,127],  Finally,  several  additional 
questions  concerning  the  possible  etiological  role  of  16-a-hydroxylated  estrogens  in  hormonal 
cancer  still  need  to  be  addressed  one  of  them  is  the  very  weak  carcinogenic  effect  induced 
hamster  kidney  tumor  [79,80,108],  Although  pregnant  women  produce  very  large  amounts  of  16- 
a-hydroxyestradiol  (estriol)  and  16-a-hydroxyestrone  during  normal  pregnancy  [128,129],  full 
term  pregnancy  does  not  increase  their  breast  cancer  risk,  but  actually  decreases  their  risk  of 
breast  cancer  [130-132]. 

Altogether  our  work  shows  an  in  vitro  model  of  transformation  of  human  breast  epithelial  cells 
in  which  several  phenotypes  are  affected  by  E2  and  its  metabolites  and  demonstrating  that  the 
catechol  estrogen  4-OH-  E2  is  a  the  metabolite  with  the  highest  transforming  properties  that  are 
not  abrogated  by  the  pure  antiestrogen,  indicating  first  that  this  metabolite  is  a  carcinogenic 
agent  and  second  that  estrogen  receptors  are  not  required  in  the  initiation  of  neoplastic 
transformation  of  breast  epithelial  cells. 

7-KEY  RESEARCH  ACCOMPLISHMENTS 

a-  In  the  present  work  we  have  capitalized  on  the  availability  in  our  laboratory  of  an  in  vitro 
model  of  transformation  of  immortalized  HBEC  by  the  chemical  carcinogen  BP  for  comparison 
with  phenotypic  and  genomic  changes  induced  by  the  natural  estrogen  17|3-estradiol  (E2)  and  its 
metabolites  mainly  4-OH-E2. 

b-  Short  term  treatment  of  these  cells  with  physiological  doses  of  4-OH-E2  induces  anchorage 
independent  growth,  colony  formation  in  agar  methocel,  reduced  ductulogenic  capacity  in 
collagen  gel,  and  increased  invasiveness  in  a  reconstituted  basement  membrane,  all  phenotypes 
whose  expression  is  indicative  of  neoplastic  transformation,  and  that  are  induce  by  BP  under  the 
same  culture  conditions.  The  fact  that  the  MCF10F  cells  are  both  ER-a  and  ER|3  negative,  argue 
in  favor  of  a  metabolic  activation  of  estrogens  mediated  by  various  cytochrome  P450  (CYP) 
complexes,  generating  through  this  pathway  reactive  intermediates  that  elicit  direct  genotoxic 
effects  by  increasing  mutation  rates. 
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c-  2-OH-E2  was  unable  to  induce  significant  increase  in  colony  formation,  although  small 
colonies  less  than  60  |xm  in  diameter  were  observed,  whereas  none  were  found  in  the  MCF10F 
cells  treated  with  either  DMSO  or  Cholesterol.  The  ductulogenic  pattern  was  impaired  by  2-OH- 
E2  but  the  invasive  phenotypes  was  lower  than  DES  or  17(3-estradiol. 

d-  We  have  found  that  antiestrogen  like  tamoxifen  or  ICI  (a  pure  antiestrogen)  are  unable  to 
abrogate  the  invasive  phenotype  of  cell  treated  either  with  E2  or  4-OH-E2. 
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9- CONCLUSIONS 

Our  work  shows  an  in  vitro  model  of  transformation  of  human  breast  epithelial  cells  in  which 
several  phenotypes  are  affected  by  E2  and  its  metabolites  and  demonstrating  that  the  Catechol 
estrogen  4-OH-E2  is  a  the  metabolite  with  the  highest  transforming  properties  that  are  not 
abrogated  by  the  pure  antiestrogen,  indicating  first  that  this  metabolite  is  a  carcinogenic  agent 
and  second  that  estrogen  receptors  are  not  required  in  the  initiation  of  neoplastic  transformation 
of  breast  epithelial  cells. 
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Epidemiological  and  clinical  evidences  indicate  that  breast  cancer  risk  is  associated  with  prolonged 
ovarian  function  that  results  in  elevated  circulating  levels  of  steroid  hormones.  Principal  among  these  is 
estrogen,  which  is  associated  with  two  important  risk  factors,  early  onset  of  menarche  and  late  meno¬ 
pause.  However,  up  to  now  there  is  no  direct  experimental  evidence  that  estrogens  are  responsible  of  the 
initiation  of  human  breast  cancer.  We  postulate  that  if  estrogens  are  causative  agents  of  this  disease,  they 
should  elicit  in  human  breast  epithelial  cells  (HBEC)  genomic  alterations  similar  to  those  exhibited  by 
human  breast  cancers,  such  as  DNA  amplification  and  loss  of  genetic  material  representing  tumor  sup¬ 
pressor  genes.  These  effects  could  result  from  binding  of  the  hormone  to  its  nuclear  receptors  (ER)  or 
from  its  metabolic  activation  to  reactive  metabolites.  This  hypothesis  was  tested  by  treating  with  the 
natural  estrogen  17p-estradiol  (E2)  and  the  synthetic  steroid  diethylstilbestrol  (DES)  MCF-10F  cells,  a 
HBEC  line  that  is  negative  for  ER.  Cells  treated  with  the  chemical  carcinogen  benzo  (a)  pyrene  (BP) 
served  as  a  positive  control  of  cell  transformation.  BP-,  E2-,  and  DES-treated  MCF-10F  cells  showed 
increases  in  survival  efficiency  and  colony  efficiency  in  agar  methocel,  and  loss  of  ductulogenic  capacity 
in  collagen  gel.  The  largest  colonies  were  formed  by  BP- treated  cells,  becoming  progressively  smaller  in 
DES-  and  Entreated  cells.  The  loss  of  ductulogenic  capacity  was  maximal  in  BP-,  and  less  prominent  in 
E2-  and  DES-treated  cells.  Genomic  analysis  revealed  that  E2~  and  DES-treated  cells  exhibited  loss  of 
heterozygosity  in  chromosomes  3  and  11,  at  3p21,  3p21-21.2,  3p21. 1-14.2,  and  3pl4.2-14.1,  and  at 
1  lq23.3  and  1  lq23.1-25  regions,  respectively.  It  is  noteworthy  that  these  loci  are  also  affected  in  breast 
lesions,  such  as  ductal  hyperplasia,  carcinoma  in  situ,  and  invasive  carcinoma.  Our  data  are  the  first  ones 
to  demonstrate  that  estrogens  induce  in  HBEC  phenotypic  changes  indicative  of  cell  transformation  and 
that  those  changes  are  associated  with  significant  genomic  alterations  that  might  unravel  new  pathways 
in  the  initiation  of  breast  cancer. 
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Epidemiological  and  clinical  evidence  indicate 
that  breast  cancer  risk  is  associated  with  pro¬ 
longed  exposure  to  female  ovarian  hormones, 
mainly  since  a  greater  incidence  of  this  disease  is 
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associated  with  early  onset  of  menarche  and  late 
menopause,  two  conditions  directly  regulated  by 
ovarian  function  (1-4).  Although  breast  cancer  is 
a  hormone-  and  sex-dependent  malignancy 
whose  development  is  influenced  by  a  myriad  of 
hormones  and  growth  factors  (5,  6),  estrogens 
have  been  demonstrated  to  be  of  essential  im¬ 
portance  in  this  phenomenon.  This  postulate  has 
been  further  supported  by  the  greater  cancer  risk 
observed  in  postmenopausal  hyperestrogenism 
resulting  from  the  use  of  estrogenic  hormone  re¬ 
placement  therapy  and  obesity  (7,  8). 
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Estrogens,  that  are  necessary  for  the  normal 
development  of  both  reproductive  and  non-re- 
productive  organs,  exert  their  physiological  ef¬ 
fects  by  binding  to  their  specific  receptors,  the 
estrogen  receptors  (ER)  a  or  P  (9-15).  ERa  re¬ 
sides  in  the  nucleus  of  target  cells  in  an  inactive 
form  associated  with  a  large  inhibitory  protein 
complex.  Both  endogenous  and  exogenous  es¬ 
trogens,  such  as  17P-estradiol  (E2)  and  the  syn¬ 
thetic  nonsteroidal  estrogen  diethylstilbestrol 
(DES),  bind  to  the  C-terminal  ligand-binding 
domain  (LBD)  of  the  ERa  activating  the  recep¬ 
tor,  which  undergoes  a  conformational  change. 
The  activated  receptor  undergoes  dimerization, 
participating  in  the  regulation  of  target  gene 
transcription  by  one  of  two  mechanisms,  a) 
binding  to  transcription  factors,  such  as  AP-1, 
forming  a  complex  that  recruits  transcriptional 
co-activators,  i.e.,  the  steroid  receptor  coacti¬ 
vator  protein  1  (SRC-1)  (16),  or  b)  the  ER  can 
form  a  ternary  complex  with  a  co-activator  pro¬ 
tein  after  its  direct  interaction  with  specific  regu¬ 
latory  sequences  within  target  gene  promoters 
(9-11).  Estrogens  might  act  as  well  through 
alternate  non-receptor  mediated  pathways.  It 
has  been  recently  found  that  overexpression  of 
p21  in  a  p21 -negative,  ER  negative  cell  line  in¬ 
duced  both  the  ER  and  ERE  promoters  in  an 
estrogen-responsive  manner.  Stable  p21  clones 
that  also  lack  the  expression  of  wild  type  ERE 
were  responsive  to  the  growth  inhibitory  effect 
of  ICI  182,780,  a  potent  antiestrogen,  and  the 
growth  stimulatory  effects  of  17  p  estradiol  (17). 

E2)  under  the  effect  of  17p-oxidoreductase  is 
continuously  interconverted  to  estrone  (E^,  and 
both  are  hydroxylated  at  C-2,  C-4,  or  C-16a  po¬ 
sitions  by  cytochrome  P450  isoenzymes  ,  i.e., 
CYP1A1,  CYP1A2,  or  CYP1B1,  to  form  cat¬ 
echol  estrogens  (18-23).  The  demonstration  that 
the  catecholestrogen  4-hydroxyestradiol  (4-OH- 
E2)  induces  an  estrogenic  response  in  the  uterus 
of  ERa  null  mice,  and  the  fact  that  this  response 
is  not  inhibited  by  the  antiestrogen  ICI-1 82,780 
(9),  indicate  that  this  catecholestrogen  does  not 
exert  its  effect  on  the  ER.  There  is  evidence  as 
well  that  estrogen  may  not  need  to  activate  its 
nuclear  receptors  to  initiate  or  promote  breast 
carcinogenesis.  The  metabolic  activation  of  es¬ 
trogens  can  be  mediated  by  various  cytochrome 
P450  (CYP)  complexes,  generating  through  this 
pathway  reactive  intermediates  that  elicit  direct 
genotoxic  effects  by  increasing  mutation  rates. 


An  increase  in  CE  due  to  either  elevated  rates 
of  synthesis  or  reduced  rates  of  monomethyl- 
ation  will  easily  lead  to  their  autoxidation  to 
semiquinones  and  subsequently  quinones,  both 
of  which  are  electrophiles  capable  of  covalently 
binding  to  nucleophilic  groups  on  DNA  via  a 
Michael  addition  and  thus,  serve  as  the  ultimate 
carcinogenic  reactive  intermediates  in  the  perox- 
idatic  activation  of  CE.  Thus,  estrogen  and  es¬ 
trogen  metabolites  exert  direct  genotoxic  effects 
that  might  increase  mutation  rates,  or  compro¬ 
mise  the  DNA  repair  system,  leading  to  the  ac¬ 
cumulation  of  genomic  alterations  essential  to 
tumorigenesis  (18-23).  Although  this  pathway 
has  been  demonstrated  in  other  systems,  it  still 
needs  to  be  demonstrated  in  normal  breast  epi¬ 
thelial  cells. 

Breast  cancers  exhibit  genomic  alterations, 
such  as  DNA  amplification  and  loss  of  genetic 
material  that  may  represent  tumor  suppressor 
genes  (24-39).  Although  their  role  in  the  causa¬ 
tion  of  the  disease  has  not  been  clearly  estab¬ 
lished,  it  is  generally  accepted  that  the  accumu¬ 
lation  of  genetic  alterations  promotes  tumor 
progression  (38,  39).  Specific  types  of  genetic 
alterations,  then,  might  identify  essential  steps 
in  the  initiation  and/or  progression  of  cancer. 
We  postulate  that  if  estrogens  initiate  the  neo¬ 
plastic  process  or  are  responsible  for  its  pro¬ 
gression,  they  would  induce  in  the  normal 
breast  epithelium  the  same  type  of  genomic 
alterations  observed  in  spontaneous  malig¬ 
nancies.  In  order  to  test  this  hypothesis  we 
evaluated  the  transforming  potential  of  E2  and 
DES  on  human  breast  epithelial  cells  (HBEC) 
in  vitro,  utilizing  the  spontaneously  immortal¬ 
ized  HBEC  MCF-10F  (40,  41).  This  cell  line 
lacks  both  ER-a  and  ER-P,  although  this  latter 
receptor  is  induced  in  cells  transformed  by 
chemical  carcinogens  (42).  The  same  pheno¬ 
types  and  characteristics  that  were  expressed  by 
MCF-10F  cells  transformed  by  the  chemical 
carcinogen  benz(a)pyrene  (BP)  and  oncogenes 
(43-46)  were  evaluated  in  E2  and  DES  treated 
cells:  anchorage  independent  growth,  colony 
formation  in  agar  methocel,  ductulogenic  ca¬ 
pacity  in  collagen  gel,  and  invasiveness  index  in 
Matrigel.  In  addition,  DNA  of  treated  cells  was 
analyzed  for  specific  genomic  alterations  such 
as  loss  of  heterozygosity  (LOH)  at  chromo¬ 
somal  loci  known  to  be  affected  in  spon¬ 
taneously  occurring  breast  lesions,  such  as 
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ductal  hyperplasia,  carcinoma  in  situ,  and  in¬ 
vasive  carcinoma  (47-60). 


MATERIAL  AND  METHODS 

Cells  and  dose  selection 

MCF-10F  cells  at  passage  113  were  cultured  in 
DMEM:F-12  medium  containing  1.05  mM  calcium 
(Ca2+),  antibiotics,  antimycotics,  hormones,  growth 
factors,  and  equine  serum  as  previously  described 
(44).  In  order  to  determine  the  optimal  doses  for  the 
expression  of  the  cell  transformation  phenotype  we 
treated  the  immortalized  human  breast  epithelial  cells 
(HBEC)  MCF-10  F  with  17|3-estradiol  (E2)  for  test¬ 
ing  whether  they  express  colony  formation  in  agar 
methocel,  or  colony  efficiency  (CE),  and  loss  of  duc- 
tulogenesis  in  collagen  matrix,  phenotypes  also  in¬ 
duced  by  the  carcinogen  benz  (a)  pyrene  (BP)  (44, 
45).  MCF-10F  cells  were  treated  with  0.0,  0.07  nM, 
70  nM,  or  0.25  mM  of  E2  twice  a  week  for  two  weeks. 
CE  increased  from  0  in  controls  to  6.1,  9.2,  and  8.7 
with  increasing  E2  doses.  Ductulogenesis  was  75  ±4.9 
in  control  cells;  it  decreased  to  63.7±28.8,  41 .3±  12.4, 
and  17.8±5.0  in  E2  treated  cells,  which  also  formed 
solid  masses,  whose  numbers  increased  from  0  in  con¬ 
trols  to  18.5±6.7,  107±  1 1.8  and  130±  10.0  for  each 
E2  dose.  Based  upon  these  results  a  dose  of  3.7uM 
(lpg/ml)  was  selected  for  testing  the  effect  of  E2  or 
DES. 

Evaluation  of  the  effect  of  estrogens  on  the  expression 
of  cell  transformation  phenotypes 

The  spontaneously  immortalized  MCF-10F  cells, 
treated  cells  and  derived  clones  were  maintained  in 
DMEM:F-12  (1:1)  medium  with  a  1.05  mM  Ca2+ 
concentration.  All  cell  lines  were  regularly  tested  for 
correct  identity  using  a  fingerprint  cocktail  of  three 
minisatellite  plasmid  probes  (ATCC,  Rockville,  MD). 
Culture  media  were  prepared  by  the  Central  Center 
Tissue  Culture  Facility  at  the  Fox  Chase  Cancer 
(Philadelphia,  PA).  MCF-10F  cells  were  treated  with 
1.0  pg/ml  E2  (Aldrich,  St.  Louis,  MO)  or  DES  (Sigma 
Chemical  Co.,  St.  Louis,  MO);  control  cells  were 
treated  with  DMSO.  MCF-10F  cells  treated  with  1.0 
pg/ml  benz  (a)  pyrene  (BP)  served  as  positive  controls 
for  cell  transformation  assays.  In  order  to  mimic  the 
intermittent  exposure  of  HBEC  to  endogenous  estro¬ 
gens,  all  cells  were  first  treated  with  E2,  DES,  or  BP 
at  72  hrs  and  120  hours  post  plating.  At  the  end  of 
the  first  week  of  treatment,  the  cells  were  divided  for 
evaluation  of  specific  phenotypic  characteristics  or 
they  were  passaged  for  administration  of  another  two 
periods  of  hormonal  treatment.  Treatments  were  re¬ 
peated  during  the  second  week,  and  cells  were  col¬ 
lected  at  the  14th  day  for  phenotypic  and  genotypic 
analysis  (Fig.  1).  At  the  end  of  each  treatment  period 
the  culture  medium  was  replaced  with  fresh  medium. 


At  the  end  of  the  second  week  of  treatment  the  cells 
were  assayed  for  determination  of  doubling  time 
(DT),  survival  efficiency  (SE),  colony  efficiency  (CE), 
colony  size  (CS),  and  ductulogenic  capacity,  as  de¬ 
scribed  in  previous  publications  (44,  45). 

Colony  formation  in  agar-methocel  assay 
This  technique  was  utilized  as  an  in  vitro  assay  for 
anchorage  independent  growth,  a  parameter  indica¬ 
tive  of  transformation.  Parental,  control,  and  treated 
cells  were  suspended  at  a  density  of  2X 104  cells/ml  in 
2  ml  of  0.8%  methocel  (Sigma  Co,  St.  Louis,  MO) 
dissolved  in  DMEM:F-12  (1:1)  medium  containing 
20%  horse  serum.  Cells  from  each  treatment  group 
and  time  point  were  plated  in  four  24-well  chambers 
pre-coated  with  0.5  ml  of  0.8%  agar  base  in  DMEM: 
F-12  medium,  which  was  replaced  with  fresh  feeding 
medium  containing  0.8%  methocel  twice  a  week.  The 
actual  number  of  cells  plated  was  calculated  as  the 
average  of  cells  counted  at  lOx  magnification  in  5  in¬ 
dividual  fields,  and  multiplied  by  a  factor  of  83.  CE 
and  CS  were  measured  21  days  after  plating.  CE  was 
determined  by  a  count  of  the  number  of  colonies 
greater  than  100  pm  in  diameter,  and  expressed  as  a 
percentage  of  the  original  number  of  cells  plated  per 
well. 

Ductulogenesis  in  collagen  matrix 
This  in  vitro  technique  evaluates  the  capacity  of 
cells  to  differentiate  by  providing  evidence  of  whether 
treated  cells  form  tridimensional  structures  when 
grown  in  a  collagen  matrix.  Parental,  control,  and 
treated  cells  were  suspended  at  a  final  density  of 
2X103  cells/ml  in  89.3%  Vitrogen100  collagen  matrix 
(Collagen  Co.,  Palo  Alto,  CA)  and  plated  into  four 
24  well  chambers  pre-coated  with  agar  base.  The  cells 
were  fed  fresh  feeding  medium  containing  20%  horse 
serum  twice  a  week.  The  cells  were  examined  under 
an  inverted  microscope  for  a  period  of  21  days  or 
longer  for  determining  whether  they  formed  ductule¬ 
like  structures  or  whether  they  grew  as  unorganized 
clumps.  The  final  structures  were  photographed,  and 
then  fixed  in  10%  neutral  buffered  formalin,  embed¬ 
ded  in  paraffin,  sectioned,  and  stained  with  hema- 
toxylin-eosin  for  histological  examination.  Immuno- 
histochemical  techniques  were  utilized  for  detecting 
the  expression  of  specific  differentiation  genes. 

Genomic  analysis  of  treated  cells 
DNA  isolation .  To  obtain  DNA,  treated  and  con¬ 
trol  cells  were  lysed  in  5ml  of  TNE  (0.5M  Tris  pH 
8.9,  lOmM  NaCl,  15-mM  EDTA)  with  500  pg/ml 
proteinase  K  and  1%  sodium  dodecyl  sulfate  (SDS), 
and  incubated  at  48  °C  for  24  h.  Following  two  ex¬ 
tractions  with  phenol  (equilibrated  with  0.1  M  Tris 
pH  8.0),  the  DNA  was  spooled  from  2  volumes  of 
100%  ethanol,  air  dried  and  resuspended  in  20  mM 
EDTA.  The  DNA  was  then  treated  sequentially  with 
RNase  A  (100  pg/ml)  for  1  hour  at  37  °C  and  100  pg/ 
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TABLE  1.  Microsatellite  DNA  Polymorphism  Analysis  of  MCF-10F  Cells  Treated  with  1 7 [^-Estradiol  (E2), 


Diethylstilhestrol  (DES),  or  Benz( a) pyrene  (BP) 


Ch 

Marker 

Location 

MCF10-F 

E2-1 

E2-2 

DES-1 

DES-3 

DES-4 

DES-5 

BP 

1 

D1S104 

lp2I— lp23 

o 

o 

o 

o 

o 

o 

o 

o 

1 

BAT-40 

lpl  3.1 

o 

o 

o 

o 

o 

o 

o 

0 

2 

D2S171 

2p24-21 

o 

0 

0 

o 

o 

o 

o 

o 

2 

D2S123 

2pl6 

o 

0 

o 

o 

o 

o 

o 

o 

3 

D3S1297 

o 

o 

o 

o 

o 

o 

o 

o 

3 

D3S1560 

3p26-3p25 

o 

o 

0 

o 

o 

o 

o 

0 

3 

D3S1304 

3p26-3p25 

0 

o 

o 

o 

o 

o 

o 

o 

3 

D3S1307 

3p26-p25 

o 

o 

o 

o 

o 

o 

o 

o 

3 

D3S1289 

3p23-3p21 

o 

o 

o 

o 

o 

o 

o 

o 

3 

D3S1449 

3p22.3-3p21.3 

o 

o 

o 

o 

o 

o 

• 

o 

3 

D3S1478 

3p2 1.3-2 1.2 

o 

o 

o 

o 

o 

o 

• 

0 

3 

D3S2384 

3p2 1.3-2 1.2 

o 

o 

o 

o 

o 

o 

• 

o 

3 

D3S1450 

3p21 . 1— 3pl  4.2 

o 

o 

o 

o 

0 

o 

• 

o 

3 

D3S1217 

3p21 

o 

0 

0 

o 

0 

o 

• 

o 

3 

D3S1447 

3p21 

o 

o 

0 

o 

o 

0 

o 

o 

3 

D3S1241 

3p21 

o 

o 

o 

o 

o 

o 

o 

0 

3 

D3S1448 

3p21 

o 

0 

o 

o 

o 

o 

o 

o 

3 

D3S1480 

3pl4 

o 

0 

o 

o 

o 

o 

o 

o 

6 

ESR 

6q24— 27 

o 

o 

o 

o 

o 

o 

o 

o 

8 

MYCL-l 

8q24.1 

o 

o 

o 

o 

o 

o 

o 

0 

9 

D9S199 

9p23 

o 

o 

o 

o 

o 

0 

o 

0 

9 

D9S157 

9p23-22 

o 

o 

o 

o 

o 

o 

o 

o 

9 

D9S171 

9p21 

o 

o 

o 

o 

0 

o 

0 

o 

9 

D9S165 

9p21 

o 

o 

o 

o 

o 

o 

o 

0 

ii 

D11S988 

lpter-qter 

o 

o 

o 

o 

o 

o 

o 

o 

11 

D11S922 

1 1  pi  5.5 

o 

o 

o 

o 

o 

o 

o 

o 

11 

H-RASl 

1  lpl  5.5 

o 

o 

o 

o 

o 

o 

o 

0 

11 

CCKBR 

1  lpl  5.4 

o 

o 

o 

o 

o 

o 

o 

o 

11 

D11S1392 

1  lpl  3 

o 

0 

o 

o 

o 

o 

o 

o 

11 

Int-2 

1  lql  3 

0 

0 

o 

o 

o 

0 

o 

0 

11 

D11S907 

1 1  pi  3 

o 

o 

o 

o 

o 

0 

o 

0 

11 

D11S911 

1 lql 3—1 lp23 

o 

o 

o 

0 

o 

0 

o 

0 

11 

D11S436 

1  lpl2— 1  lpl  1.1 

o 

o 

o 

o 

o 

o 

0 

o 

11 

D11S614 

Ilq22-llq23 

0 

o 

o 

0 

o 

o 

o 

o 

11 

D11S940 

1  lq22 

o 

o 

o 

o 

o 

o 

o 

o 

11 

DRD2 

1  lq23. 1 

o 

o 

o 

o 

o 

o 

o 

o 

11 

D11S968 

Ilq23.1-llq25 

o 

o 

o 

o 

o 

o 

o 

o 

11 

D11S29 

llq23.3 

o 

• 

• 

o 

o 

o 

o 

o 

11 

D11S925 

Ilq23.3-llq24 

o 

0 

o 

o 

o 

o 

o 

o 

11 

D11S912 

Ilq24.2-llq25 

o 

• 

• 

o 

o 

o 

o 

o 

12 

IGF-1 

12q22— 12q23 

o 

o 

o 

o 

o 

o 

o 

o 

13 

D13S289 

1 3q  12.2 

o 

o 

o 

o 

o 

o 

o 

o 

13 

D13S260 

1 3q  12.3 

o 

o 

o 

o 

o 

o 

o 

o 

13 

D13S267 

13ql2.3 

o 

o 

o 

o 

0 

0 

o 

o 

13 

D13S171 

13ql2.3— 1 3 

o 

o 

o 

o 

o 

o 

o 

0 

13 

D13S218 

13ql3— 14.1 

o 

o 

o 

o 

o 

o 

o 

0 

13 

GABRB-1 

13ql4.2 

o 

o 

0 

o 

o 

o 

o 

o 

13 

D13S155 

13q  14.3— 21 .2 

o 

o 

0 

o 

o 

o 

o 

o 

16 

D16S540 

o 

o 

o 

o 

o 

o 

o 

o 

17 

D17S849 

17pl3.3 

o 

0 

o 

o 

o 

o 

o 

o 

17 

D17S796 

17pl3.1 

o 

o 

o 

o 

o 

o 

o 

o 

17 

D17S513 

17pl3.1 

o 

o 

o 

o 

o 

0 

o 

o 

17 

Tp53 

1 7pl  3. 1 

o 

o 

o 

0 

o 

0 

o 

o 

17 

D17S786 

1 7pl  3. 1 

o 

o 

o 

0 

0 

o 

o 

o 

17 

D17S793 

17pl3.1-17pl  1.2 

o 

o 

o 

o 

o 

o 

o 

o 
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TABLE  1  fcontd) 


Ch 

Marker 

Location 

MCF10-F 

E2-1 

E2-2 

DES-1 

DES-3 

DES-4 

DES-5 

BP 

17 

D17S945 

17pl3— 12 

0 

0 

o 

o 

o 

o 

o 

0 

17 

D17S520 

17pl2 

o 

0 

o 

o 

o 

o 

o 

o 

17 

D17S800 

17ql 1 . 1—12 

o 

o 

o 

0 

o 

o 

o 

o 

17 

THRA-1 

17ql  1.2-12 

o 

o 

o 

o 

o 

o 

0 

o 

17 

D17S787 

17q21-22 

o 

o 

o 

o 

o 

o 

o 

o 

17 

D17S855 

17q21.2 

o 

0 

o 

o 

0 

o 

0 

o 

17 

D17S1323 

17q21.2 

o 

o 

o 

o 

0 

0 

0 

o 

17 

D17S808 

17q23.2 

0 

o 

o 

o 

0 

o 

o 

o 

17 

D17S789 

17q24 

o 

o 

0 

o 

o 

o 

o 

o 

17 

D17S515 

17q24.2-25.2 

0 

o 

0 

o 

0 

o 

o 

o 

17 

D17S785 

17q25.2 

o 

o 

0 

o 

o 

0 

o 

o 

18 

D18S58 

18q22.3-23 

o 

o 

0 

0 

o 

0 

o 

o 

E2,  17 (3-estradiol;  DES,  diethylestilbestrol;  BP,  benzo(a)pyrene;  Ch,  chromosome. 


ml  proteinase  K,  1%  SDS,  at  48  °C  for  3  h,  followed 
by  two  extractions  with  saturated  phenol.  The  DNA 
was  again  retrieved  from  the  aqueous  phase  by  etha¬ 
nol  precipitation,  washed  extensively  in  70%  ethanol, 
and  after  air-drying  suspended  in  TE  (10  mM  Tris, 
pH8.0),  1  mM  EDTA. 

Detection  of  allelic  loss.  We  evaluated  for  allelic 
losses  the  regions  of  chromosomes  1,  2,  3,  6,  8,  9,  11, 
12,  13,  16,  17,  and  18  most  frequently  reported  to 
exhibit  loss  of  heterozygosity  (LOH)  in  spontaneous 
breast  tumors  (Table  1).  DNA  amplification  of 
microsatellite  length  polymorphisms  was  utilized  for 
detecting  allelic  losses  present  in  the  transformed 
clones.  Microsatellites  are  polymorphic  markers  used 
primarily  for  gene  mapping  which  can  be  broadly  de¬ 
fined  as  relatively  short  (<100  bp)  runs  of  tandem 
repeated  di-  to  tetranucleotide  sequence  motifs  (61- 
63).  The  origin  and  nature  of  these  polymorphism 
sequences  is  not  well  established,  but  they  may  result 
from  errors  of  the  polymerase  during  replication  and / 
or  from  slightly  unequal  recombination  between 
homologous  chromatids  during  meiosis.  These 
microsatellites  have  proven  to  be  useful  markers  for 
investigating  LOH  and  could  be  applicable  to  allelo- 
typing  as  well  as  regional  mapping  of  deletions  in 


specific  chromosomal  regions.  They  are  highly  poly¬ 
morphic,  very  common  (between  105  and  106  per  ge¬ 
nome),  and  are  flanked  by  unique  sequences  that  can 
serve  as  primers  for  polymerase  chain  reaction  (PCR) 
amplification  (64). 

DNA  fingerprinting.  Before  performing  DNA  am¬ 
plification  of  microsatellite  DNA  polymorphisms  to 
detect  allelic  losses  present  in  E2-,  DES-,  and  BP- 
treated  cells,  we  verified  by  DNA  fingerprinting 
whether  all  the  clones  derived  from  MCF-10F  treated 
cells  were  from  the  same  lineage.  Genomic  DNA  was 
extracted  from  the  cells  listed  in  Table  1.  The  identity 
of  these  cells  was  confirmed  by  Southern  blot  hybrid¬ 
ization  of  genomic  DNA  with  a  cocktail  of  the  three 
minisatellite  probes  D2S44,  D14S13  and  D17S74. 
Genomic  DNAs  were  digested  with  Hifl,  and  hybrid¬ 
ized  with  probes  under  standard  condition  (64). 

PCR  analysis  of  microsatellites.  Primers  used  for 
the  analysis  of  microsatellite  polymorphisms  are 
given  elsewhere  (64).  Conditions  for  PCR  amplifi¬ 
cation  were  as  follows:  30  ng  of  genomic  DNA,  100 
pmoles  of  each  oligonucleotide  primer,  1XPCR  buf¬ 
fer  (Perkin  Elmer  Cetus),  5  pM  each  of  TTP,  dCTP, 
dGTP,  and  dATP,  1  pCi  (32P)  dATP  (300  mCi/mmole) 


[  Treatment  |  Assay 

t 

m  mM  i 


1  Treatment  I 

r~T 


Assay 

t 


XI 


Ps  SSi 


lage 


Duration  of  the  Experiment  (Days) 

Fig.  1.  MCF-10F  cells  were  treated  with  E2,  DES,  or  BP  at  72  hrs  and  120  hours  post  plating.  Treatments  were 
repeated  during  the  second  week,  and  cells  were  collected  at  the  14th  day  for  phenotypic  and  genotypic  analysis. 
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(Dupont,  NEN,  Boston,  MA),  and  0.5  units  of  Am- 
plitaq  DNA  polymerase  (Perkin  Elmer  Cetus)  in  10 
ml  volumes.  The  reactions  were  processed  through  27 
cycles  of  1  min  at  94 °C,  1  min  at  the  appropriate 
annealing  temperatures  determined  for  each  set  of 
primers,  and  1  min  at  72  °C;  with  a  final  extension  of 
7  min  at  72°C.  Reaction  products  were  diluted  1:2  in 
loading  buffer  (90%  formamide,  10  mM  EDTA,  0.3% 
bromophenol  blue,  and  0.3%  xylene  cyanol),  heated 
at  90  °C  for  5  min  and  loaded  (4ml)  onto  5%  to  6% 
denaturing  polyacrylamide  gels.  After  electro¬ 
phoresis,  gels  were  dried  at  70  °C  and  exposed  to 
XAR-5  film  with  a  Lightning  Plus  intensifying  screen 
at  ~80°C  for  12  to  24  h.  Allele  sizes  were  determined 
by  comparison  to  M  Bmp  18  sequencing  ladders. 

Detection  of  allelic  loss.  LOH  was  defined  as  a  total 
loss  of,  or  a  50%,  or  more  reduction  in  density  in 
one  of  the  heterozygous  alleles.  All  experiments  were 
repeated  at  least  three  times  to  avoid  false  positive  or 
false  negative  results.  To  control  for  possible  DNA 
degradation,  the  same  blots  used  to  assess  allelic  loss 
were  analyzed  with  additional  DNA  gene  probes  that 
detect  large  fragments.  The  bands  were  quantitated 
using  a  UltraScan  XL  laser  densitometry  (Pharmacia 
LKB  Biotechnology  Inc.)  within  the  linear  range  of 
the  film. 


RESULTS 

Effect  of  estrogens  on  the  expression  of  trans¬ 
formation  phenotypes 

The  doubling  time  (DT)  of  MCF-10F  cells 
was  93 ±5.6  hours.  It  was  decreased,  but  no  sig¬ 
nificantly,  in  E2-  and  DES-treated  cells  and 
their  derived  clones.  A  significant  decrease, 
greater  than  50%,  was  observed  in  BP-treated 
cells  (Table  2).  Evaluation  of  colony  formation 
at  the  end  of  the  second  week  of  treatment  re¬ 
vealed  that  MCF-10F  cells  treated  with  E2, 
DES,  or  BP,  formed  colonies  in  agar-methocel, 
whereas  MCF-10F  control  cells  treated  with 
DMSO  did  not  (Table  2,  Fig.  2).  E2  treated  cells 
formed  24  colonies,  from  which  six  clones  were 
expanded  and  maintained  in  culture.  These 
clones  were  designated  E2-l  to  E2-6  (Table  2). 
DES  treated  MCF-10F  cells  formed  151  colo¬ 
nies,  from  which  24  colonies  were  isolated  and 
seven  clones  survived.  They  were  expanded  and 
maintained  in  culture,  being  designated  DES-1 
to  DES-7  (Table  2).  BP  treated  cells  formed  89 
colonies,  which  had  an  average  size  of  670±46 
pm  in  diameter.  Those  colonies  formed  by 
DES-  and  E2-treated  cells  and  their  respective 


Fig.  2.  MCF-10F  cells  plated  in  agar-methocel  for 
colony  assay.  Control  cells  do  not  form  colonies. 
Only  isolated  cells  are  present  (a,  4X),  (b,  10X).  (c- 
k),  colonies  formed  by  E2-,  DES,  and  BP-treated 
MCF-10F  cells.  E2-induced  colonies  (c,  4X)  (d, 
10X).  DES-induced  colonies  (e,  4X);  (f,  10X).  Colo¬ 
nies  of  E2-2  clone  (g,  4X)  (h,  10X).  Colonies  of  DES- 
3  clone  (i,  4X)  (j,  10X).  Colonies  of  BP-treated  cells 
(k,  4X)  (1,  X10).  Phase  contrast. 

derived  clones  were  significantly  smaller  than 
those  formed  by  BP  transformed  cells.  How¬ 
ever,  DES-treated  cell  colonies  were  larger  than 
those  formed  by  Entreated  cells  and  their  de¬ 
rived  clones  (Table  2,  Fig.  2). 

Ductulogenesis  was  qualitatively  evaluated  by 
estimating  the  ability  of  the  cells  plated  in  colla¬ 
gen  to  form  tubular  and  ductular  structures.  It 
was  maximal  (++)  in  MCF-10F  cells,  and  com¬ 
pletely  negative  ( — )  in  BP-treated  cells,  which 
grew  as  a  solid  or  cystic  mass  (Table  2).  E2-,  DES- 
treated  cells,  and  E2-4  and  DES-1  clones  ex¬ 
hibited  a  moderately  decreased  ability  to  form 
ductules  (+).  It  was  interesting  to  observe  that  all 
the  other  clones  derived  from  E2-  and  DES- 
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TABLE  2.  Phenotypic  markers  of  cell  transformation  induced  in  MCF-10F  cells  by  17(1  estradiol  ( E2),  Diethylstil- 
_ bestrol  ( DES )  and_  Benz  (af  pyrene  ( BP) _ 


Cell  Type 

No.  of 
Passages 

Doubling 

time 

(DT)a 

Colony 

Number 

(CN)b 

Colony 
Efficiency 
(%)  CE)C 

Colony  Size 
(CS)  (gm)d 

Ductulog- 

enesisg 

MCF-10F 

113 

93  ±5.6 

0.0 

0.0 

0.0 

+  + 

BP 

4 

42±3.8 

89 

18±4.5 

670  ±46 

- 

E2 

4 

78  ±  16.0 

24e 

4.8±0.9 

1 70±  34 

+ 

DES 

4 

73±  13 

151f 

30.20±8.9 

190±23 

+ 

E2-l* 

4 

81±3.0 

36 

7.2±3.7 

180±12 

+/- 

E2-2* 

4 

68±  10 

45 

9.0±2.0 

150±6 

+/- 

E2-3 

5 

66±8.0 

39 

7.9±5.6 

190±9 

- 

E2-4 

3 

82±6.0 

20 

3.5±  1.1 

134±5 

+ 

E2-5 

6 

61  ±5.6 

63 

12.6±3.0 

193±  12 

+/- 

E?-6 

4 

73±3.0 

54 

10.8±4.9 

189±5 

DES-1* 

4 

73  ±9 

167 

33. 17±6.3 

278  ±40 

■ 

DES-2 

4 

74±10 

148 

29.4±10.0 

189±23 

+/- 

DES-3* 

3 

78  ±5 

130 

25.8±3.9 

278±  12 

+/- 

DES-4* 

3 

75±8 

189 

37.5±7.3 

239±34 

+/- 

DES-5* 

6 

68±  10 

167 

33.17±5.9 

360±60 

- 

DES-6 

5 

67±3 

150 

29.8±  10 

290  ±32 

+-/ 

DES-7 

5 

78  ±4 

99 

19.6±6.9 

207 ±28 

+-/ 

a  Doubling  time  (DT)  in  hours,  was  determined  as  described  in  (43).  DT  was  significantly  different  by  Student’s 
t-test  between  BP  and  all  the  other  cells  lines  (p<0.001).  b  Colony  number  (CN); c  Colony  efficiency  (CE),  and 
d  Colony  size  (CS).  These  three  parameters  were  significantly  different  between  MCF-10F  and  all  other  cell 
lines  (p=0. 00001).  CS  of  DES  clones  was  significantly  different  from  E2  and  BP  cells  (p=0.001).  e  From  24 
colonies  derived  from  E2-treated  cells,  clones  E2-l,  E2-2,  E2-3,  E2-4,  E2-5  and  E2-6  were  recovered  and  ex¬ 
panded.  f  From  151  colonies  derived  from  DES  treated  cells,  24  colonies  were  isolated  and  clones  DES-1, 
2, 3, 4, 5, 6  and  7  were  recovered  and  expanded.  gDuctulogenesis,  duct-like  formation  in  collagen  gel.  *  These 
cells  have  been  used  for  detection  of  microsatellite  DNA  polymorphism. 


treated  cells  exhibited  an  overall  decrease  of  duc- 
tulogenic  capacity.  Clones  E2-3,  E2-6,  and  DES- 
5  had  completely  lost  this  property,  being  in  this 
sense  similar  to  BP-treated  cells  (Table  2). 

Genomic  changes  induced  in  E2  and  DES  trans¬ 
formed  MCF-10  cells 

DNA  fingerprint  analysis  of  parent,  E2-, 
DES-,  and  BP-treated  cells  and  their  derived 
clones  revealed  that  their  allelic  pattern  was 
identical  in  all  the  cell  lines  analyzed  (Fig.  3). 
These  results  confirmed  that  all  the  cells  tested 
had  the  same  HBEC  origin,  and  that  they  were 
free  of  contamination  from  other  cell  lines 
maintained  in  our  laboratory. 

Among  67  markers  tested,  which  were  se¬ 
lected  based  on  chromosomal  changes  reported 
to  be  present  in  breast  and  other  cancers,  only 
clones  DES-5,  E2-l  and  E2-2,  exhibited  LOH  in 
chromosomes  3  and  11,  respectively  (Table  1). 
LOH  in  chromosome  3  was  detected  at  three 
different  loci,  which  were  detected  with  five  dif¬ 
ferent  markers,  3p21.3-21.2  (marker  D3S1478 


and  D3S2384),  3p21. 1-14.2  (marker  D3S1450), 
and  3p21  (marker  D3S1217  and  D3S1447)  (Fig. 
4,  Table  1).  It  was  of  interest  that  clone  DES-5, 
in  addition  to  exhibiting  LOH  in  chromosome 
3,  was  the  one  exhibiting  the  most  marked  ex¬ 
pression  of  transformation  phenotypes,  i.e., 
larger  colony  size  and  absent  ductulogenic  abil¬ 
ity  in  collagen  gel  (Table  2).  Clones  E2-l  and 
E2-2  identically  expressed  LOH  in  chromosome 
11  at  llq23.3  (marker  D11S29),  and  llq24.2- 
q25  (marker  D11S912).  BP-treated  cells  did  not 
exhibit  LOH  at  any  of  the  loci  tested.  Interest¬ 
ingly,  we  have  found  that  all  the  clones  of  the 
cells  transformed  with  either  E2,  DES  or  BP 
presented  microsatellite  instability  (MSI),  ex¬ 
pressed  as  an  allelic  expansion  at  3p21  locus 
(marker  D3S1447)  (data  not  shown).  In  order 
to  determine  whether  these  MSIs  were  related 
to  alterations  in  mismatch  repair  genes,  we  per¬ 
formed  microsatellite  DNA  analysis  in  loci 
lpl3.1,  with  marker  BAT40,  2pl6,  with  marker 
D2S123,  and  18q22.3-23,  with  marker  D18S58, 
which  are  related  to  mismatch  repair  genes. 
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Fig.  3 .  Fingerprint  analysis  of  genomic  DNA  ob¬ 
tained  from  the  cells  listed  in  table  2  using  markers 
listed  in  Materials  and  Methods. 


However,  none  of  those  markers  showed  alter¬ 
ations  with  this  technique  (Table  1). 


DISCUSSION 

In  the  present  work  we  have  capitalized  on  the 
availability  in  our  laboratory  of  an  in  vitro  model 
of  transformation  of  immortalized  HBEC  by  the 
chemical  carcinogen  BP  for  comparison  with 
phenotypic  and  genomic  changes  induced  by  the 
natural  estrogen  17P-estradiol  (E2)  and  the  syn¬ 
thetic  estrogen  diethylstilbestrol  (DES)  in  the 
same  cells  (44,  45).  The  immortalized  human 
breast  epithelial  cells  MCF-10F  are  negative  for 
both  ER-a  and  ER-P  (42).  Short  term  treatments 
of  these  cells  with  these  two  estrogenic  com¬ 
pounds  induce  anchorage  independent  growth, 
colony  formation  in  agar  methocel,  and  reduced 
ductulogenic  capacity  in  collagen  gel,  all  pheno- 
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Fig ■  4.  LOH  analysis  of  MCF-10F,  and  of  clones  E2- 
1,  E2-2,  and  DES-1,  DES-3,  DES-4,  and  DES-5,  de¬ 
rived  from  E2  and  DES-treated  cells.  Arrows  indicate 
the  loss  of  alleles  in  E2-l,  E2-2,  and  DES-5  clones. 


types  whose  expression  is  indicative  of  neoplastic 
transformation,  and  that  are  induce  by  BP  under 
the  same  culture  conditions.  It  was  of  great  inter¬ 
est  that  by  the  fourth  passage  after  4  treatments 
during  a  two-week  period,  clones  derived  from 
DES-  and  E2-transformed  cells  exhibited  loss  of 
heterozygosity  in  chromosomes  3  and  11,  respec¬ 
tively,  whereas  during  the  same  period  of  time  the 
chemical  carcinogen  BP  did  not  induce  genomic 
changes,  even  though  we  have  previously  re- 
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ported  that  this  carcinogen  induces  LOH  in 
chromosome  17  (43),  in  addition  to  tumorigen- 
esis  in  a  heterologous  host  after  a  larger  number 
of  passages  and  a  more  prolonged  selection  pro¬ 
cess  in  vitro  (44,  45).  The  expression  of  LOH  in 
chromosome  3  in  DES-transformed  breast  epi¬ 
thelial  cells  acquired  relevance  in  view  of  the  light 
that  frequent  homozygous  deletions,  rearrange¬ 
ments,  and  hypermethylation  at  3p21  loci  have 
been  reported  to  be  present  in  spontaneously  oc¬ 
curring  breast  lesions,  such  as  ductal  hyper¬ 
plasia,  carcinoma  in  situ,  and  invasive  carcinoma 
(31,  47-50,  65-68).  The  existence  of  suppressor 
genes  on  3p  has  also  been  suggested  by  transfec¬ 
tion  studies  in  which  3p  DNA  fragments  inhib¬ 
ited  tumorigenesis  in  nude  mice  (68, 69).  We  have 
observed  LOH  at  3p21  using  markers  D3S1217 
and  D3S1447,  and  in  the  region  3p21.1-p21.2 
with  markers  D3S1478  and  D3S2384.  LOH  in 
this  region  has  been  reported  in  nearly  all-small 
cell  lung  carcinomas  (70).  Even  though  deletion 
in  these  regions  is  not  considered  to  be  specific 
for  breast  cancer,  our  observations  might  indi¬ 
cate  that  they  represent  a  genetic  event  triggered 
by  estrogens,  which  could  play  a  key  role  in  the 
development  and  progression  of  tumors  orig¬ 
inated  from  this  type  of  epithelium.  LOH  in 
3p21.3  has  been  found  more  frequently  in  breast 
cancer  metastases  than  in  primary  tumors.  Sev¬ 
eral  putative  “metastasis-related  genes”  are 
located  in  this  region,  such  as  37LRP  (71-74), 
CTNNB1,  that  encodes  P  catenin  (75),  and  the 
aRLC  gene,  that  encodes  a  new  integrin  subunit, 
identified  by  positional  cloning,  that  shows 
homology  with  the  al  integrin  involved  in  the 
metastatic  process  (70).  We  have  also  found  LOH 
in  the  3p21. 1-14.2  (marker  D3S1450).  This  re¬ 
gion  has  been  found  to  be  associated  with  dysreg- 
ulated  cell  proliferation  rather  than  with  tumor 
progression  (50).  It  is  also  frequently  deleted  in  in 
situ  carcinoma,  benign  tumors,  and  familial 
breast  cancers  (51,  76,  77).  The3pl4.2  region 
contains  a  fragile  site  known  as  FRA3B,  from 
which  the  FHIT  gene  has  recently  been  cloned.  It 
encodes  a  protein  showing  homology  with  a  yeast 
hydrolase,  and  its  transcripts  show  rearrange¬ 
ments  in  different  cell  lines  and  tumors  (52,  77). 
Recently,  telomerase-regulating  genes  have  been 
located  in  3p21.3-p22  and  3pl2— 21 . 1  using  the 
microcell  monochromosome  transfer  technique 
(78).  We  have  also  found  that  estrogen  induces 
LOH  in  chromosome  11,  as  detected  using  the 


markers  D11S29  and  D11S912  mapped  to 
1  lq23.3  and  1  lq24.2-25,  respectively.  It  has  been 
reported  that  both  arms  of  chromosome  1 1  con¬ 
tain  several  regions  of  LOH  in  cancers  of  the 
breast  and  of  other  organs,  and  that  transfer  of 
chromosome  11  to  mammary  cell  lines  sup¬ 
presses  tumorigenicity  in  athymic  mice  (79).  Sev¬ 
eral  genes,  such  as  HRAs,  CTSD,  ILK,  TSG101 
and  KI1  have  been  reported  to  be  located  on  the 
short  arm  of  chromosome  1 1  (53-54,  79-85).  A 
region  of  deletion  on  llq22-23  has  been  de¬ 
scribed  on  the  long  arm  of  chromosome  1 1  in  40 
to  60%  of  breast  tumors  (51,  57,  59,  60,  86,  88). 
The  ataxia  telangiectasia  susceptibility  gene 
(ATM)  is  the  most  widely  studied  candidate  gene 
in  this  region  (89).  ATM  may  act  upstream  of  the 
TP53  gene  in  cell  cycle  regulation  (90, 91)  and  its 
heterozygous  mutation  is  associated  with  high 
incidence  of  early-onset  breast  cancer.  This  re¬ 
gion  has  been  reported  to  contain  several  tumor 
suppressor  genes  and  genes  involved  in  the  meta¬ 
static  process.  In  this  latter  group,  the  MMP 
genes  encoding  matrix  metalloproteases  involved 
in  invasion,  ETS1  encoding  a  transcription  fac¬ 
tor  involved  in  angiogenesis,  and  VACM-1,  en¬ 
coding  a  protein  probably  involved  in  cell  cycle 
regulation  have  been  identified  (92).  Although 
some  of  these  genes  might  be  affected  during  the 
transformation  of  HBEC  induced  by  estrogens, 
a  more  detailed  allelotyping  using  multiple 
markers  is  required  for  better  defining  the  sig¬ 
nificance  of  LOH  in  these  cells. 

Approximately  35%  of  breast  cancers  show 
LOH  at  the  D11S29  and  NCAM  loci  (93),  and 
a  higher  frequency  of  LOH  at  this  locus  has  also 
been  found  in  melanomas  (94).  LOH  has  been 
found  at  frequencies  of  25%  and  29%  at  the  dis¬ 
tal  D11S968  (llqter)  and  D11S29  (llq23.3  lo¬ 
cus),  slightly  above  the  accepted  baseline  of  0- 
20  per  cent  in  colorectal  cancer.  The  fact  that 
breast  cancer,  melanoma,  and  colorectal  cancer 
have  been  found  to  be  influenced  by  estrogens 
(95),  give  relevance  to  our  data  that  treatment 
of  MCF-10F  cells  with  estrogens  induces  LOH 
in  this  specific  locus.  LOH  at  1  lq23-qter  occurs 
frequently  in  ovarian  and  other  cancers  (96,  97). 

The  most  frequent  allelic  loss  observed  in 
breast  cancer  has  been  reported  in  chromosome 
17p,  suggesting  that  genes  located  in  that 
chromosome  arm,  such  as  p53  oncogene,  might 
be  a  likely  target  for  this  event.  (33,  93-1 14).  We 
have  not  been  able  up  to  now  to  demonstrate 
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any  LOH  in  chromosome  17  in  estrogen  trans¬ 
formed  MCF-10F  cells.  However,  we  have  used 
a  small  number  of  markers,  and  the  possibility 
that  LOH  might  be  located  at  sites  not  tested 
yet  cannot  be  ruled  out.  Therefore,  the  study  of 
allelic  imbalances  at  17q  and  17p,  as  well  as  in 
chromosome  16  (99,  115,  116)  in  estrogen  trans¬ 
formed  HBEC  must  be  carried  out  to  provide 
further  understanding  of  the  functional  involve¬ 
ment  of  these  chromosomes  in  the  process  of 
cell  transformation  by  E2  and  DES. 

The  observations  that  E2,  DES,  and  BP  in¬ 
duce  similar  phenotypical,  but  different  genom¬ 
ic  alterations  requires  further  investigation  in 
order  to  elucidate  the  significance  of  timing  of 
appearance  of  each  type  of  changes  with  regards 
to  cancer  initiation  and  progression.  There  are 
several  probable  avenues  for  explaining  these 
discrepancies.  In  this  model,  phenotypical 
changes  are  induced  by  both  estrogens  and  the 
chemical  carcinogen  as  an  early  event,  whereas 
LOH  is  a  rare  event  that  is  manifested  in  differ¬ 
ent  chromosomes  and  only  in  few  clones  derived 
from  E2  and  DES  treated  cells.  The  rarity  of 
the  phenomenon  is  in  agreement  with  the  low 
frequency  of  LOH  observed  in  BP  transformed 
cells,  in  which  the  phenomenon  is  manifested  at 
a  more  advanced  stage  of  neoplastic  progression 
(43,  114).  Altogether  these  observations  suggest 
that  these  three  compounds  might  act  through 
different  genetic  events  for  inducing  similar 
transformation  phenotypes. 
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HYPOTHALAMIC-PITUITARY 
INFLUENCES,  OVARIAN  FUNCTION, 

AND  BREAST  DEVELOPMENT 

In  the  nonpregnant  female,  the  development  of  the  mammary  gland 
is  rigorously  controlled  by  the  ovary.  Although  puberty  is  often  consid¬ 
ered  to  be  the  point  of  initiation  of  ovarian  function,  the  development 
of  the  ovary,  in  fact,  is  a  gradual  process.'  The  complex  regulatory 
mechanisms  controlling  ovarian  function  involve  gonadotropin-releas¬ 
ing  hormone,  luteinizing  hormone  (LH),  follicle-stimulating  hormone 
(FSH),  the  ovarian  peptides  inhibin,  activin,  and  follistatin,  as  well  as 
growth  hormone  (GH)  and  prolactin.  The  ovary  is  active  during  late 
fetal  development  and  for  a  short  time  after  birth  but  becomes  rela¬ 
tively  quiescent  until  the  onset  of  puberty.  At  that  time,  ductal  elonga¬ 
tion  and  branching  begin  under  the  influence  of  estradiol  as  well  as 
GH.2- 3  Although  its  exact  mechanism  of  action  is  unclear,  GH  directly 
stimulates  ductal  growth  in  hypophysectomized-ovariectomized  rats 
and  might  also  act  through  its  local  mediator,  insulin-like  growth 
factor  1  (IGF-1).  Normal  duct  development,  however,  requires  the 
presence  of  estrogen  and  progesterone  acting  through  the  estrogen 
receptor  (ER)  and  progesterone  receptor  (PR),  which  are  present  in 
the  mammary  gland.  Estradiol  acts  locally  to  stimulate  DNA  synthesis 
and  promote  bud  formation,  probably  through  an  ER-mediated  effect. 
Prolactin  plays  an  additional  role,  but  its  specific  actions  are  not  fully 
understood.  The  response  of  the  mammary  gland  to  these  complex 
hormonal  and  metabolic  interactions  results  in  developmental  changes 
that  permanently  modify  both  the  architecture  and  the  biologic  charac¬ 
teristics  of  the  gland.2- 3  The  mammary  gland,  in  turn,  responds  selec¬ 
tively  to  particular  hormonal  stimuli,  depending  on  specific  topo¬ 
graphic  differences  in  gland  development,  which  modulate  the 
expression  of  either  cell  proliferation  or  differentiation. 


ADOLESCENCE 

Although  the  main  changes  occurring  in  the  mammary  gland  are 
initiated  at  puberty,  development  continues  during  adulthood  and  the 
final  histomorphometry  of  the  gland  varies  greatly  from  one  woman 
to  another.2  Mammary  gland  development  can  be  defined  from  the 
external  appearance  of  the  breast  or  by  determination  of  the  mammary 


gland  area,  volume,  degree  of  branching,  or  level  of  differentiation  of 
the  gland  (e.g.,  lobule  type  formation).4 

The  adolescent  period  begins  with  the  first  signs  of  sexual  change 
at  puberty  and  terminates  with  sexual  maturity.  Thclarche,  defined  as 
the  initial  clinical  appearance  of  a  breast  bud,  occurs  at  an  average 
age  of  1 1.2  (0.7  standard  deviation  |SD|)  in  while  females  and  1  year 
earlier  in  African-American  females.5* *  With  the  approach  of  puberty, 
the  rudimentary  mammae  begin  to  show  growth  activity  both  in  the 
glandular  tissue  and  in  the  surrounding  stroma.2'4  Glandular  increase 
is  caused  by  the  growth  and  division  of  small  bundles  of  primary  and 
secondary  ducts  (Fig.  161-1).  These  grow  and  divide  in  two  ways. 
One  involves  repeated  bifurcation  of  existing  ducts,  a  process  called 
“dichotomous”  from  the  Greek  word  dichotomos  or  “to  divide  into 
two  parts.”  The  other  involves  localized  buds  on  an  expanding  ductu- 


FIGURE  161-1.  Mammary  gland  of  the  human  female  at  birth  formed 
by  several  excretory  ducts,  ending  in  terminal  ducts:  a.  Detail  of  the  inset 
showing  the  club-shaped  terminal  end  bud  from  which  lengthening  and 
further  divisions  of  the  virginal  ducts  originate;  b,  cross-section  at  the 
level  shown  in  "a”;  the  duct  is  lined  by  the  two  layers  of  cells.  Prolifera¬ 
tion  takes  place  mainly  in  the  basal  cells.  The  inner  cells  have  secretory 
properties  from  which  the  "witch  milk"  is  formed.  Toluidine  blue  X25. 
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Dichotomous  bronchi m> 


Syinpodial  branching 


FIGURE  161-2.  Before  the  onset  of  puberty  in  human  females,  the 
ducts  grow  and  divide  in  a  dichotomous  and  sympodial  basis;  a  ball¬ 
shaped  end  bud  sprouts  from  the  duct,  and  new  branches  and  twigs 
develop  from  the  terminal  and  lateral  end  buds.  Toluidine  blue  X25. 


FIGURE  161-4.  Whole  mount  preparation  of  human  breast  tissue  of 
a  24-year-old  nulliparous  woman  showing  type  2  lobules.  Toluidine 
blue  X25. 


lar  base,  a  process  called  sympodial  from  Greek  syn  plus  podion  base, 
(Fig.  161-2). 

The  ducts  grow,  divide,  and  form  club-shaped  terminal  end  buds. 
The  structures  give  origin  to  new  branches,  twigs,  and  small  ductules 
or  alveolar  buds  (see  Fig.  161-2).  We  have  coined  the  term  alveolar 
bud  to  identify  those  structures  that  are  morphologically  more  devel¬ 
oped  than  the  terminal  end  bud  but  are  yet  more  primitive  than  the 
terminal  structure  of  the  mature  structure,  which  is  called  an  acinus. 
Alveolar  buds  cluster  around  a  terminal  duct,  forming  the  type  1 
lobule  or  virginal  lobule  (Fig.  161-3).  Each  cluster  consists  of  approxi¬ 
mately  11  alveolar  buds.  Lobule  formation  in  the  female  breast  occurs 
within  1  to  2  years  after  onset  of  the  first  menstrual  period.  Full 
differentiation  of  the  mammary  gland  is  a  gradual  process  that  takes 
many  years  and,  in  some  cases,  if  pregnancy  does  not  supervene,  is 
never  attained. 


THE  MATURE  BREAST 

Study  of  normal  breast  tissue  in  adult  women  identifies  two  addi¬ 
tional  and  more  mature  types  of  lobule,  designated  types  2  and  3 
(Figs.  161-4  and  161-5).  The  transition  from  type  1  to  the  more 
mature  types  2  and  3  represents  a  gradual  process  with  sprouting  of 


FIGURE  161-3.  Whole  mount  preparation  of  breast  tissue  of  an  1 8-year- 
old  nulliparous  woman  showing  type  1  lobules.  Toluidine  blue  X25. 


an  increased  number  of  new  alveolar  buds.  In  type  2  and  3  lobules, 
these  are  now  called  ductules;  they  increase  in  number  from  approxi¬ 
mately  1 1  in  the  type  1  lobule  to  47  in  the  type  2  lobule  and  80  in  the 
type  3  lobule,  respectively  (Fig.  161-6  and  Table  161-1).  The  increase 
in  number  results  in  a  concomitant  increase  in  size  of  the  lobules  and 
a  reduction  in  size  of  each  individual  structure.2- 7 

NULLIPAROUS  WOMEN.  In  these  subjects,  breast  tissue  con¬ 
tains  more  undifferentiated  structures  (e.g.,  terminal  ducts  and  type  1 
lobules),  although  occasionally  type  2  and  3  lobules  are  seen.  This 
pattern  remains  constant  throughout  the  reproductive  years  unless 
pregnancy  ensues.  Type  2  lobules  are  present  in  moderate  numbers 
during  the  early  reproductive  years  but  sharply  decrease  after  the  age 
of  23,  whereas  the  number  of  type  1  lobules  remains  significantly 
higher.  This  observation  suggests  that  a  certain  percentage  of  type  1 
lobules  might  have  progressed  to  type  2  lobules,  but  the  number  of 
type  2  lobules  progressing  to  type  3  is  significantly  lower  than  in 
parous  women. 

PAROUS  WOMEN.  In  this  group,  the  predominant  structure  is 
the  most  differentiated  lobule  (i.e.,  type  3).  The  number  of  type  3 
structures  peaks  during  the  early  reproductive  years  and  decreases 
after  the  fourth  decade  of  life.  A  history  of  parity  between  the  ages  of 
14  and  20  years  correlates  with  a  significant  increase  in  the  number 
of  type  3  lobules  that  remain  present  as  the  predominant  structure 


FIGURE  161-5.  Whole  mount  preparation  of  human  breast  tissue  of  a 
35-year-old  parous  woman  containing  type  3  lobules.  Toluidine  blue 
X  25. 
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FIGURE  161-6.  Lobule  types  1,  2,  3,  and  4,  which  were  taken  at  the 
same  magnification  (X2.5)  and  stained  with  hematoxylin  and  eosin 
(H&E). 


until  the  age  of  40.  At  that  time,  the  number  of  type  3  lobules 
decreases,  probably  owing  to  their  involution  to  predominantly  lobules 
type  1  (Fig.  161-7).8 


PATTERN  OF  DISTRIBUTION  OF  CELLS 
POSITIVE  FOR  ESTROGEN  RECEPTOR 
AND  PROGESTERONE  RECEPTOR  IN 
RELATION  TO  PROLIFERATING  CELLS  IN 
THE  MAMMARY  GLAND1 

Even  though  the  breast  is  influenced  by  a  myriad  of  hormones  and 
growth  factors,9-16  estrogens  are  considered  to  play  a  major  role  in 
promoting  the  proliferation  of  both  the  normal  and  neoplastic  breast 
epithelium.17"23  Estrogens  could  influence  the  proliferative  activity  of 
mammary  epithelial  cells  by  at  least  three  different  mechanisms:  (1) 
direct  receptor-mediated18’ 24-31  stimulation,  (2)  indirect  autocrine/para¬ 
crine  loops,21- 22  or  (3)  interruption  of  negative  feedback  factors  (i.e., 
the  effect  of  estrogen  to  remove  one  or  more  inhibitory  factors  present 
in  the  serum).20’ 32  Unfortunately,  none  of  these  mechanisms  has  been 
precisely  defined  with  regard  to  their  role  in  the  normal  development 
and  differentiation  of  the  breast  or  the  initiation  and  progression  of 
the  neoplastic  process. 

A  greater  degree  of  complexity  emerged  with  the  cloning  of  a  gene 
encoding  a  second  type  of  ER,  the  ER(3.  This  receptor  is  present  in 
the  mouse,  rat,  and  human  and  has  an  affinity  for  estradiol  similar  to 
that  of  the  classical  ER  (now  identified  as  ERa).  In  addition,  it  has  now 
become  possible  to  localize  modulators  of  estrogen  and  progesterone 
receptor  function  in  tissue.  ER-  and  PR-mediated  transcription  often 


TABLE  161-1.  Characteristics  of  the  Lobular  Structures  of 


the  Human  Breast 

Structure 

Lobular 

Area*  (|xm2) 

No.  of  Ductules/ 
Lobulef 

No.  of  Cells/ 
Cross-Section^ 

Lob  1 

Lob  2 

Lob  3 

48  ±  44 

60  ±  26 

129  ±  49 

11.2  ±  6.3 

47  ±  11.7 

81  ±  16.6 

32.4  ±  14.1 
13.1  ±  4.8 

11  ±  2 

♦Student’s  t-tests  were  done  for  all  possible  comparisons,  Lobular  areas  showed  signifi¬ 
cant  differences  between  lob  1  versus  lob  3  and  lob  2  versus  lob  3  (P  <  .005). 
fThe  number  of  ductules  per  lobule  was  different  (P  <  .01)  in  all  the  comparisons. 
tThe  number  of  cells  per  cross-section  was  significantly  different  in  ductules  of  lob  1 
versus  lob  2  and  lob  3  ( P  <  ,01). 

Reprinted  from  Russo  J.  Rivera  R,  Russo  IH:  Influence  of  age  and  parity  on  the 
development  of  the  human  breast.  Breast  Cancer  Res  Treat  23:211-218.  1992. 


Parous  Parous  Nulliparous 

Pre-Men  Post-Men  Pre  &  Post-Men 

FIGURE  161-7.  Percentage  of  lobule  type  structures  in  the  breast  of 
premenopausal  (Pre-Men)  and  postmenopausal  (Post-Men)  parous 
women  and  also  premenopausal  and  postmenopausal  (Pre  &  Post-Men) 
nulliparous  women.  Type  J  (Lob  1  J,  type  2  (Lob  2),  and  type  3  (Lob 
3)  lobules. 


involves  binding  of  coactivators  to  the  transcription  complex,  a  mecha¬ 
nism  that  enhances  receptor  function.  One  of  these  coactivators,  SRC- 
1,  has  been  cloned  and  can  be  localized  with  specific  antibodies. 
Knockout  of  SRC-1  causes  decreased  growth  and  development  of  the 
uterus,  prostate,  testis,  and  mammary  gland.33  Examination  of  its 
localization  in  mammary  tissue  can  provide  insight  into  the  local 
regulation  of  ER  functionality.34  These  new  findings  have  prompted  a 
re-evaluation  of  the  estrogen  signaling  system  in  mammary  tissue.35-37 

Cell  proliferation  is  indispensable  for  the  normal  growth  and  devel¬ 
opment  of  the  breast.  The  fact  that  the  normal  epithelium  contains 
receptors  for  both  estrogen  and  progesterone  lends  support  to  the 
receptor-mediated  mechanism  as  a  major  player  in  the  hormonal  regu¬ 
lation  of  breast  development.  The  essential  role  of  ERa  and  PR  in 
mammary  gland  development  has  been  confirmed  by  knockout  mice 
lacking  functional  receptors.  ERa  knockout  mice  display  grossly  im¬ 
paired  ductal  epithelial  proliferation  and  branching.  PR  knockout  mice 
display  significant  ductal  development  but  decreased  arborization  and 
absence  of  alveolar  differentiation.38  30 

Clinical  studies  have  defined  the  relationship  of  cell  proliferation  to 
estrogen  and  progesterone  production  by  correlation  with  phases  of 
the  menstrual  cycle  in  women.  The  breast  epithelium  of  sexually 
mature,  normally  cycling  women  does  not  exhibit  maximal  prolifera¬ 
tion  during  the  follicular  phase  of  the  menstrual  cycle13-17’ 40-45  when 
estrogens  reach  peak  levels  of  200  to  300  pg/mL  and  progesterone  is 
less  than  1  ng/mL.46  Maximal  proliferative  activity  occurs  during  the 
luteal  phase,  when  progesterone  reaches  levels  of  10  to  20  ng/mL  and 
estrogen  levels  are  two-  to  three-fold  lower  than  during  the  follicular 
phase.46  In  breast  cells  grown  in  vitro,  or  when  breast  tissues  are 
implanted  in  athymic  nude  mice,  however,  estrogens  alone  stimulate 
cell  proliferation  and  progesterone  has  no  effect  or  even  inhibits  cell 
growth.21- 22- 44  45 

Our  studies  of  the  proliferative  activity  of  the  mammary  epithelium 
in  both  rodents  and  humans  have  demonstrated  that  cell  division  varies 
with  the  degree  of  differentiation  of  the  mammary  parenchyma.9-12- 17, 
47-49  In  women,  the  highest  level  of  ceil  proliferation  is  observed  in 
the  undifferentiated  type  1  lobules  (Lobl).  which  are  present  in  the 
breasts  of  young  nulliparous  subjects.9  12  17  The  progressive  differentia¬ 
tion  of  type  1  lobules  into  types  2  and  3  results  in  a  concomitant 
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FIGURE  161-8.  Percentage  of  cells  positive  for  estrogen  receptor  (ER), 
progesterone  receptor  (PR),  Ki67,  and  of  cells  positive  for  both  ER  and 
Ki67  (ER  +  Ki67),  or  PR  and  Ki67  (PR  +  Ki67)  (ordinate).  Cells  were 
quantitated  in  type  I  (Lob  1 ),  type  2  (Lob  2),  and  type  3  (Lob  3)  lobules 
of  the  breast  (abscissa). 


reduction  of  the  proliferative  activity  of  the  mammary  epithelium.8-12 
Additional  differentiation  into  type  4  lobules,  characteristic  of  breast 
tissue  during  pregnancy,  further  lowers  the  rate  of  proliferation. 

Understanding  of  the  relationship  between  lobular  differentiation, 
cell  proliferation,  and  hormone  responsiveness  of  the  mammary  epithe¬ 
lium  is  just  beginning  to  be  unraveled.  An  important  finding  is  that 
ERa  and  progesterone  receptor  (PR)  content  in  the  lobular  structures 
of  the  breast  are  directly  proportional  to  the  rate  of  cell  proliferation. 
Proliferation  and  receptor  content  are  maximal  in  the  undifferentiated 
type  1  lobule  and  decrease  progressively  in  types  2,  3,  and  4. 


DISTRIBUTION  OF  PROLIFERATING 
CELLS  IN  RELATION  TO  THE  PRESENCE 
OF  STEROID  RECEPTORS  AND  THEIR 
COACTIVATORS 

Use  of  Ki67  immunohistochemical  techniques  allows  detection  of 
proliferating  cells  in  tissue.  The  highest  percentage  of  positive  cells 
occurs  in  type  1  lobules  (Fig.  161-8  and  Table  161-2);  a  three-fold 
lower  percentage  is  found  in  type  2  lobules  and  a  10-fold  decrement 
is  found  in  type  3  (Fig.  16 1-9 A,  B;  see  also  Fig.  161-8  and  Table 
161-2).  The  proliferating  cells  are  found  almost  exclusively  in  the 


FIGURE  161-9.  A  and  B,  Lob  1  ductules  of  the  human  breast.  A  The 
single-layered  epithelium  lining  the  ductule  contains  Ki67-positive  cells 
(brown  nuclei)  and  ER-positive  cells  (red-purple  nuclei)  (X40);  Br  The 
single-layered  epithelium  lining  the  ductule  contains  brown  Ki67-positive 
cells  and  red-purple  PR-positive  cells.  Sections  were  stained  with  DAB/ 
alkaline  phosphatase-vector  red,  with  light  hematoxylin  counterstain  and 
photographed  at  x  40. 


epithelium  lining  ducts  and  lobules,  whereas  only  occasional  positive 
cells  are  found  in  the  myoepithelium  or  in  the  intralobular  and  interlob¬ 
ular  stroma.  The  same  pattern  of  reactivity  is  observed  in  tissue 
sections  incubated  with  the  ER  and  PR  antibodies.  Positive  cells  are 
found  exclusively  in  the  epithelium  with  type  1  lobules  that  contain 
the  highest  number  of  positive  cells.  Their  number  decreases  progres¬ 
sively  in  type  2  and  3  lobules  (see  Fig.  161-8  and  Table  161-2). 

Use  of  double-staining  procedures  for  Ki67  and  ER  or  PR  has 
allowed  quantitation  in  the  same  tissue  sections  of  the  spatial  relation¬ 
ship  between  proliferating  and  receptor  positive  cells.  This  can  be 
done  with  techniques  using  two  colors  or  by  immunofluorescent  meth¬ 
odology.  The  percentage  of  ER  and  PR  positive  cells  in  type  1  lobules 
does  not  differ  significantly,  7.5%  and  5.7%,  respectively  (see  Table 
161-2).  In  type  2  lobules,  the  percentage  of  ER-  and  PR-positive  cells 
is  reduced  to  3.8%  and  0.7%,  respectively;  and  in  type  3,  their  numbers 
become  negligible  (see  Table  161-2).  There  are  similarities  in  the 
relative  percentages  of  Ki67,  ER,  and  PR-positive  cells  and  in  the 
progressive  reduction  in  the  percentage  of  positive  cells  as  the  lobular 
differentiation  progressed.  However,  cells  that  are  positive  for  Ki67 
are  not  the  same  that  reacted  positively  for  ER  or  PR  (Fig.  161-9A, 
B;  see  also  Table  161-2).  Very  few  cells  (<0.5%  in  type  1  lobules) 
and  even  fewer  in  type  2  and  3  cells  appear  positive  for  both  Ki67 
and  ER  (Ki67  plus  ER)  (see  Table  161-2).  Double  reactivity  with  this 
technique  is  identified  by  the  darker  staining  of  the  nuclei,  which 
appear  dark  purple-brown.  The  percentage  of  cells  exhibiting  double 
labeling  with  Ki67  and  PR  antibodies  (Ki67  plus  PR)  in  type  1  lobules 
is  lower  than  the  percentage  of  double-labeled  ER-positive  cells  (see 
Table  161-2). 

The  content  of  ER  and  PR  in  the  normal  breast  tissue,  as  detected 
immunocytochemically,  varies  with  the  degree  of  lobular  development 


TABLE  161-2.  Distribution  of  Ki67,  ER,  and  PR  Positive  Cells  in  the  Lobular  Structures  of  the  Human  Breast 


Lobule  type 

No.  of  Cells 

Ki67 

ER 

PR 

Ki67  +  ER 

Ki67  +  PgR 

Lobl 

Lob2 

Lob3 

19,339° 

8490b 

17,750" 

4.72  ±  ld  c 

1.58  ±  0.45 r 

0.4  ±  0.18* 

7.46  ±  2.88h 

3.83  ±  2.44' 

0.76  ±  0.04j 

5,7  ±  L36k 

0.73  ±  0.571 

0.09  ±  0.04 m 

0.48  ±  0.28" 

0.31  ±  0.21 

0.01  ±  0.01 

0.09  ±  0.01° 
0.28  ±  0.27 
0.01  ±  0.01 

“Total  number  of  cells  counted  in  type  1  (Lobl)  lobules  in  the  breast  tissue  samples  of  12  donors. 
bTotal  number  of  cells  counted  in  type  2  (Lob2)  lobules  in  the  breast  tissue  samples  of  five  donors. 
cTotal  number  of  cells  counted  in  type  3  (Lob3)  lobules  in  the  breast  tissue  samples  of  three  donors. 

d Proliferative  activity  determined  by  the  percentage  of  Ki67-positive  cells,  expressed  as  the  mean  ±  standard  deviation.  Differences  were  significant  in  Lob  1  versus  Hob  2  (t  =  1.98, 

P  <  .05),  ’Lob  2  versus  «Lob3  (r  =  2.27,  P  <  .04),  and  cLob  1  versus  *Lob  (r  =  2.56,  P  <  .01). 

ER-positive  cells  were  significantly  different  in  hLob  1  versus  jLob  3  (/  =  2.04,  P  <  .05) 

PR-positive  cells  were  significantly  different  in  kLob  1  versus  'Lob  2  (t  -  2.27,  P  <  .05),  and  kLob  1  versus  ,uLob  3  [r  =  2.60.  P  <  .03], 

"Percentage  ot  cells  positive  for  both  Ki67  and  ER,  expressed  as  the  mean  ±  standard  deviation. 

"Percentage  ol  cells  positive  for  both  Ki67  and  PR.  expressed  as  the  mean  ±  standard  deviation. 
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in  a  linear  relationship  with  the  rate  of  cell  proliferation  of  the  same 
structures.  The  utilization  of  a  double-labeling  immunocytochemical 
technique  has  allowed  the  determination  whether  the  receptor  positive 
cell  population  is  the  same  population  that  is  proliferating  (i.e.,  Ki67- 
positive  cells).  Clearly,  this  was  not  the  case  as  was  also  reported  by 
other  authors.43  The  findings  that  proliferating  cells  differ  from  those 
that  are  ER-  and  PR-positive  support  data,  which  indicate  that  estrogen 
controls  cell  proliferation  by  an  indirect  mechanism.  A  possible  expla¬ 
nation  is  that  ER-positive  cells  respond  to  estrogen  with  an  increase 
in  growth  factor  production,  which  acts  in  a  paracrine  fashion  on 
neighboring  ER-negative  cells.  This  paracrine  phenomenon  has  also 
been  demonstrated  using  supernatants  of  estrogen-treated  ER-positive 
cells  that  stimulate  the  growth  of  ER-negative  cell  lines  in  culture  and 
in  vivo  in  nude  mice  bearing  ER-negative  breast  tumor  xenografts.50- 51 
A  paracrine  mechanism  can  also  explain  inhibition  of  cellular  prolifer¬ 
ation.  ER-positive  cells  treated  with  antiestrogens  secrete  transforming 
growth  factor-a  (TGF-a),  which  inhibits  the  proliferation  of  ER- 
negative  cells.28 

The  proliferative  activity  and  the  percentage  of  ER-  and  PR-positive 
cells  are  highest  in  type  1  lobules  in  comparison  with  types  2  to  4, 
which  consist  of  the  normal  breast.  These  findings  provide  a  mechanis¬ 
tic  explanation  for  the  higher  susceptibility  of  these  structures  to  be 
transformed  by  chemical  carcinogens  in  vitro52- 53  and  also  support  the 
observations  that  type  1  lobules  are  the  site  of  origin  of  ductal  carcino¬ 
mas.54  However,  the  relationship  between  ER-positive  and  ER-negative 
breast  cancers  is  unclear.55-57  It  has  been  suggested  that  either  ER- 
negative  breast  cancers  result  from  the  loss  of  the  ability  of  the  cells 
to  synthesize  ER  during  clinical  evolution  of  ER-positive  cancers  or 
that  ER-positive  and  ER-negative  cancers  are  different  entities.55, 57  It 
is  postulated  that  type  1  lobules  contain  at  least  three  cell  types — ER- 
positive  cells  that  do  not  proliferate,  ER-negative  cells  that  are  capable 
of  proliferating,  and  a  small  proportion  of  ER-positive  cells  that  can 
also  proliferate  (Fig.  161-10).  Therefore,  estrogen  might  stimulate  ER- 
positive  cells  to  produce  a  growth  factor,  which  in  turn  stimulates 
neighboring  ER-negative  cells  capable  of  proliferating  (see  Fig.  161— 
10).  In  the  same  fashion,  the  small  number  of  cells  that  are  ER- 
positive  and  can  proliferate  could  be  the  source  of  ER-positive  tumors. 
The  possibility  also  exists  that  the  ER-negative  cells  convert  to  ER 
positive  cells.  The  conversion  of  ER-negative  cells  to  ER-positive 
cells  has  been  reported.58, 59  The  newly  discovered  ERp  opens  the 
possibility  that  those  cells  traditionally  considered  to  be  ERa  negative 
might  be  ERp  positive.35, 36  It  has  been  found  that  ER  is  expressed 
during  the  immortalization  and  transformation  of  ER-negative  human 
breast  epithelial  cells,  supporting  the  hypothesis  of  conversion  from  a 
negative  to  a  positive  receptor  cell.60 


The  findings  that  proliferating  cells  in  the  human  breast  differ  from 
those  that  contain  steroid  hormone  receptors  explain  a  great  extent  of 
the  in  vitro  data.61-64  Of  interest  are  a  series  of  observations  regarding 
ER  and  cell  proliferation.  ER-positive  MCF-7  cells  respond  to  estrogen 
treatment  with  increased  cell  proliferation.  Enhanced  expression  of  the 
receptor  by  transfection  also  increases  the  proliferative  response  to 
estrogen.61, 65  However,  when  ER-negative  cells  such  as  MDA-MB468 
and  others  are  transfected  with  the  ER,  estrogen  now  inhibits  cell 
growth.62-66  Although  the  negative  effect  of  estrogen  on  those  ER- 
negative  cells  transfected  with  the  receptor  has  been  interpreted  as 
an  interference  of  the  transcription  factor  used  to  maintain  estrogen 
independent  growth,65  there  is  no  definitive  explanation  for  their  lack 
of  survival.  However,  it  can  be  explained  by  the  finding  that  proliferat¬ 
ing  and  ER-positive  cells  are  two  separate  populations.  Further  support 
is  the  finding  that  when  type  1  lobules  of  normal  breast  tissue  are 
placed  in  culture,  they  lose  the  ER-positive  cells,  indicating  that  only 
proliferating  cells  that  are  also  ER  negative  can  survive  and  that  these 
constitute  the  stem  cells.66, 67 

Until  recently,  it  was  believed  that  estrogens  acted  through  a  single 
nuclear  estrogen  receptor  that  transcriptionally  activated  specific  target 
genes.  However,  there  is  increasing  evidence  that  a  membrane  receptor 
combined  with  alternative  second-messenger  signaling  mechanisms68,69 
are  also  operational  and  may  stimulate  the  cascade  of  events  leading 
to  cell  proliferation.  This  knowledge  suggests  that  ERa-negative  cells 
found  in  the  human  breast  may  respond  to  estrogens  through  this  or 
other  pathways.  Although  more  studies  need  to  be  done  in  this  direc¬ 
tion,  it  is  clear  that  paracrine  mechanisms  are  important  in  mediating 
cellular  proliferation.  In  the  normal  breast,  the  proliferating  and  steroid 
hormone  receptor-positive  cells  are  different.  This  finding  opens  new 
possibilities  for  clarifying  the  mechanisms  through  which  estrogens 
might  act  on  the  proliferating  cells  to  initiate  the  cascade  of  events 
leading  to  cancer. 

An  additional  complexity  arises  upon  examination  of  the  cell  spe¬ 
cific  localization  of  steroid  receptor  coactivators  in  mammary  tissue. 
Steroid  receptor  coactivators  (e.g.,  SRC-1)  enhance  the  transcriptional 
capabilities  of  both  the  ER  and  PR.  Our  studies  demonstrate  that  SRC- 
1  is  segregated  in  distinct  subsets  of  cells  within  the  epithelium  of  the 
estrogen-responsive  rat  mammary  gland.  This  finding  is  in  contrast  to 
findings  in  the  stroma,  where  significant  numbers  of  cells  coexpressed 
both  ERa  and  SRC-1  (Fig.  161-11).  These  findings  highlight  the  need 
to  further  explore  whether  stromal-epithelial  interactions  might  be 
important  in  the  human  breast.70-74  Prior  studies  have  shown  that  in 
the  uterus  and  prostate,  receptors  in  stroma  tissue  are  necessary  for 
epithelial  proliferation.  In  those  organs,  growth  factors  made  by  stroma 
in  response  to  estrogens  and  androgens  regulate  the  proliferation  of 


FIGURE  161-10.  Schematic  representation  of  the 
postulated  pathways  of  estrogen  actions  on  breast  E 
epithelial  cells.  Cells  expressing  three  different  pheno¬ 
types  might  be  present  in  the  epithelium:  Estrogen 
receptor  (ER)— negative  Ki67-positive  cells  that  are  ca¬ 
pable  of  proliferating,  ER-positive  cells  that  do  not 
proliferate,  and  a  small  proportion  of  Er-  and  Ki67- 
positive  cells.  Estrogen  might  stimulate  ER-positive 
cells  to  produce  a  growth  factor  that  in  turn  stimulates 
neighboring  ER-negative  cells  capable  of  proliferating. 

ER-  and  Ki67-positive  cells  can  proliferate  and  could 
be  stimulated  by  estrogen  to  originate  ER-positive 
daughter  cells  or  probably  tumors.  Er-negative  cells 
may  convert  to  ER-positive  cells  during  neoplastic 
transformation. 
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FIGURE  161-11.  Segregation  of  SRC-1  expression  from  ER  a-positive  cells  as 
illustrated  by  dual  fluorescence  labeling  of  SRC-1  and  ERa.  Mammary  glands 
(A)  from  a  3-week-old  virgin  female  rat  were  stained  simultaneously  for  SRC-1 
(b,  e,  and  h;  red)  and  ERa  (a,  d,  and  g;  green).  Green  and  red  images  were 
superimposed  (c,  f,  and  i).  The  main  duct  (MD),  small  duct  (SD),  and  end  bud 
(EB)  are  shown.  The  discrete  distribution  pattern  (B)  of  ERa  fgreen)  and  SRC-1 
(red)  was  confirmed  with  the  combination  of  two  different  antibodies  (a  and 
b).  Stroma  (C)  expressing  ERa  alone  (green),  SRC-1  alone  (red)  or  both  (yellow). 
The  phase  contrast  image  from  a  is  shown  in  b.  Staining  (D)  from  a  1 0-week- 
old  virgin  female  rat  mammary  gland  also  demonstrated  the  segregation  of 
SRC- 1  from  ERa  in  epithelial  cells.  Solid  arrow,  Cells  expressing  only  ERa;  open 
arrow,  cells  expressing  only  SRC- 1;  solid  arrowhead,  cells  expressing  both  ERa 
and  SRC-1.  ( Bar  =  100  jxm.) 


epithelial  cells.  Although  the  presence  of  estrogen  receptors  in  the 
stroma  of  human  mammary  tissue  has  not  been  established,  further 
studies  are  required  to  fully  understand  potential  stromal-epithelial 
interactions  in  the  breast.  This  is  particularly  pertinent  because  of  the 
demonstration  that  stromal  tissue  can  synthesize  estrogen  through  the 
aromatase  enzyme  in  the  human  breast.  The  estrogen  produced  locally 
in  stroma  may  then  act  in  a  paracrine  fashion  on  surrounding  epithe¬ 
lial  cells.70-74 


THE  MENOPAUSAL  BREAST 

The  menopause  occurs  at  an  average  age  of  51,  when  the  ovaries 
stop  synthesizing  estradiol  and  amenorrhea  ensues.  The  years  that  lead 


up  to  the  final  menstrual  period  constitute  the  perimenopause.9  Many 
women  ovulate  irregularly  during  the  perimenopausal  transition.  After 
menopause,  the  breast  regresses  both  in  nulliparous  and  parous 
women.  This  involutionary  process  is  manifested  by  an  increase  in  the 
number  of  type  1  lobules  and  a  concomitant  decline  in  type  2  and 
type  3  lobules.  At  the  end  of  the  fifth  decade  of  life,  the  breasts  of 
both  nulliparous  and  parous  women  contain  predominantly  type  1 
lobules  (see  Fig.  161-7).  These  observations  led  us  to  conclude  that 
the  understanding  of  breast  development  requires  a  horizontal  study  in 
which  all  the  different  phases  of  growth  are  taken  into  consideration. 
For  example,  the  analysis  of  breast  structures  at  a  single  given  point 
(i.e.,  50  years  of  age)  might  lead  one  to  conclude  that  the  breasts  of 
both  nulliparous  and  parous  women  are  identical  (see  Fig.  161-7). 
However,  the  phenomena  occurring  in  previous  years  might  have 
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FIGURE  161-12.  Schematic  rep¬ 
resentation  of  breast  develop¬ 
ment  based  on  the  relative  per¬ 
centage  of  lobules  present. 
Nulliparous  women's  breasts  con¬ 
tain  primarily  type  1  (Lob  1 )  lob¬ 
ules  with  some  progression  to 
type  2  (Lob  2)  and  only  minimal 
formation  of  type  3  (Lob  3)  lob¬ 
ules.  Parous  women  undergo  a 
complete  cycle  of  development 
through  the  formation  of  type  4 
(Lob  4)  lobules,  which  later  re¬ 
gress.  (From  Russo  J,  Rivera  R, 
Russo  IH:  Influence  of  age  and 
parity  on  the  development  of  the 
human  breast.  Breast  Cancer  Res 
Treat  23:211-218,  1992.) 


imprinted  permanent  changes  on  breast  biology.  This  would  affect 
the  potential  of  the  breast  for  neoplasm  but  would  be  no  longer 
morphologically  observable.  Thus,  from  a  quantitative  point  of  view, 
the  regressive  phenomenon  occurring  in  the  breast  at  menopause 
differs  in  nulliparous  and  parous  women.  It  should  be  recalled  that  in 
nulliparous  breasts,  the  predominant  structure  is  the  type  1  lobule, 
which  comprises  65%  to  80%  of  the  total  lobule  type  components,  a 
percentage  independent  of  age.  Type  2  lobules  represent  10%  to  35% 
and  type  3,  only  0%  to  5%  of  the  total  lobular  population.  In  breasts 
of  premenopausal  parous  women,  on  the  other  hand,  the  predominant 
lobular  structure  is  the  type  3  lobule,  which  comprises  70%  to  90% 
of  the  total  lobule  component.  Only  after  menopause  do  the  type  3 
lobules  decline  in  number,  and  the  relative  proportion  of  the  three 
lobule  types  present  approaches  that  observed  in  nulliparous  women. 
These  observations  led  us  to  conclude  that  early  parous  women  truly 
underwent  lobule  differentiation,  which  was  evident  at  a  younger  age, 
whereas  nulliparous  women  seldom  reached  the  lobule  type  3  stage 
and  never  reached  the  lobule  type  4  stage  (Fig.  161-12;  see  also 
Fig.  161-6). 
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Abstract 

The  association  found  between  breast  cancer  development  and  prolonged  exposure  to  estrogen  suggests  that  this  hormone  is  of  etiologic 
importance  in  the  causation  of  this  disease.  In  order  to  prove  this  postulate,  we  treated  the  immortalized  human  breast  epithelial  cells 
(HBEC)  MCF-10F  with  17  (3-estradiol  (E2)  for  testing  whether  they  express  colony  formation  in  agar  methocel,  or  colony  efficiency  (CE), 
and  loss  of  ductulogenesis  in  collagen  matrix,  phenotypes  also  induced  by  the  carcinogen  benz[a]pyrene  (BP).  MCF-10F  cells  were  treated 
with  0.0,  0.007,  70  nM,  or  0.25  mM  of  E2  twice  a  week  for  2  weeks.  CE  increased  from  0  in  controls  to  6. 1, 9.2,  and  8.7  with  increasing  E2 
doses.  Ductulogenesis  was  75  zb  4.9  in  control  cells;  it  decreased  to  63.7  d=  28.8, 41 .3  ±  12.4,  and  17.8  ±  5.0  in  E2-treated  cells,  which  also 
formed  solid  masses  or  spherical  formations  lined  by  a  multilayer  epithelium,  whose  numbers  increased  from  0  in  controls  to  18.5  ±  6.7, 
107  ±11.8  and  130  ±  10.0  for  each  E2  dose.  MCF-10F  cells  were  also  treated  with  3.7  pM  of  progesterone  (P)  and  the  CE  was  3.39  ±4.05. 
At  difference  of  E2,  P  does  not  impaired  the  ductulogenic  capacity.  Genomic  analysis  revealed  that  E2 -treated  cells  exhibited  loss  of 
heterozigosity  in  chromosome  1 1,  as  detected  using  the  markers  D1 1S29  and  D11S912  mapped  to  1  lq23.3  and  llq24.2-25,  respectively 
These  results  also  indicate  that  E2,  like  the  chemical  carcinogen  BP,  induces  in  HBEC  phenotypes  indicative  of  neoplastic  transformation. 
©  2002  Elsevier  Science  Ltd.  All  rights  reserved. 
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1.  Introduction 

Epidemiological  and  clinical  evidence  indicate  that  breast 
cancer  risk  is  associated  with  prolonged  exposure  to  female 
ovarian  hormones  [1-4].  Breast  cancer  is  a  hormone-  and 
sex-dependent  malignancy  whose  development  is  influ¬ 
enced  by  a  myriad  of  hormones  and  growth  factors  [5,6], 
from  which  estrogens  have  been  demonstrated  to  be  of  es¬ 
sential  importance  in  this  phenomenon  as  it  is  observed  in 
postmenopausal  hyperestrogenism  resulting  from  the  use  of 
estrogenic  hormone  replacement  therapy  and  obesity  [7,8]. 

Estrogens,  that  are  necessary  for  the  normal  development 
of  both  reproductive  and  non-reproductive  organs,  exert 
their  physiological  effects  by  binding  to  their  specific  recep¬ 
tors,  the  estrogen  receptors  (ER)-a  or  -(3  [9-16].  Estrogens 
might  act  as  well  through  alternate  non-receptor  mediated 
pathways  [17].  E2,  under  the  effect  of  17(3-oxidoreductase 
is  continuously  interconverted  to  estrone  (Ei),  and  both  are 
hydroxylated  at  C-2,  C-4,  or  C-16a  positions  by  cytochrome 
P450  isoenzymes,  i.e.  CYP1A1,  CYP1A2,  or  CYP1B1,  to 
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form  catechol  estrogens  [18-23].  The  demonstration  that 
the  catecholestrogen  4-hydroxyestradiol  (4-OH-E2)  induces 
an  estrogenic  response  in  the  uterus  of  ER-a  null  mice,  and 
the  fact  that  this  response  is  not  inhibited  by  the  antiestro¬ 
gen  ICI-182,  780  [9],  indicate  that  this  catecholestrogen 
does  not  exert  its  effect  on  the  ER.  The  metabolic  activa¬ 
tion  of  estrogens  can  be  mediated  by  various  cytochrome 
P450  (CYP)  complexes,  generating  through  this  pathway 
reactive  intermediates  that  elicit  direct  genotoxic  effects  by 
increasing  mutation  rates.  An  increase  in  CE  due  to  either 
elevated  rates  of  synthesis  or  reduced  rates  of  monomethy- 
lation  will  easily  lead  to  their  autoxidation  to  semiquinones 
and  subsequently  quinones,  both  of  which  are  electrophiles 
capable  of  covalently  binding  to  nucleophilic  groups  on 
DNA  via  a  Michael  addition  and  thus,  serve  as  the  ultimate 
carcinogenic  reactive  intermediates  in  the  peroxidatic  acti¬ 
vation  of  CE.  Thus,  estrogen  and  estrogen  metabolites  exert 
direct  genotoxic  effects  that  might  increase  mutation  rates, 
or  compromise  the  DNA  repair  system,  leading  to  the  accu¬ 
mulation  of  genomic  alterations  essential  to  tumorigenesis 
[18-23].  Although  this  pathway  has  been  demonstrated  in 
other  systems  [18-20],  it  still  needs  to  be  demonstrated  in 
human  breast  epithelial  cells  (HBECs). 

Furthermore,  if  estrogen  is  carcinogenic  in  the  human  bre¬ 
ast  through  the  above-mentioned  pathway,  it  would  induce 
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in  breast  epithelial  cells  in  vitro  transformation  phenotypes 
indicative  of  neoplasia  and  also  induce  genomic  alterations 
similar  to  those  observed  in  spontaneous  malignancies,  such 
as  DNA  amplification  and  loss  of  genetic  material  that  may 
represent  tumor  suppressor  genes  [24-39].  In  order  to  test 
this  hypothesis,  we  have  evaluated  the  transforming  poten¬ 
tial  of  E2  on  HBEC  in  vitro,  utilizing  the  spontaneously 
immortalized  HBEC  MCF-10F  [40,41].  This  cell  line  lacks 
both  ER-a  and  ER-|3,  although  this  latter  receptor  is  indu¬ 
ced  in  cells  transformed  by  chemical  carcinogens  [42].  In 
the  present  work,  we  report  that  the  same  phenotypes  and 
characteristics  that  were  expressed  by  MCF-10F  cells  trans¬ 
formed  by  the  chemical  carcinogen  benz[r/]pyrene  (BP)  and 
oncogenes  [43—46]  were  expressed  in  E2-treated  cells.  E2 
transformed  cells  exhibited  loss  of  heterozygosity  (LOH) 
in  loci  of  chromosome  1 1,  known  to  be  affected  in  sponta¬ 
neously  occurring  breast  lesions,  such  as  ductal  hyperplasia, 
carcinoma  in  situ,  and  invasive  carcinoma  [47-60]. 


2.  Material  and  methods 

2.7.  Cells  and  dose  selection 


(1:1)  medium  with  a  1.05  mM  Ca2+  concentration.  All  cell 
lines  were  tested  for  correct  identity  using  a  fingerprint  cock¬ 
tail  of  three  minisatellite  plasmid  probes  (ATCC,  Rockville, 
MD).  Culture  media  were  prepared  by  the  Central  Center 
Tissue  Culture  Facility  at  the  Fox  Chase  Cancer  (Philadel¬ 
phia,  PA).  MCF-10F  cells  were  treated  with  l.Ojxg/ml  E2 
(Aldrich,  St.  Louis,  MO),  progesterone  (Sigma  Chemical 
Co.,  St.  Louis,  MO),  control  cells  were  treated  with  DMSO. 
MCF-10F  cells  treated  with  1 .0  |xg/ml  BP  served  as  positive 
controls  for  cell  transformation  assays.  In  order  to  mimic 
the  intermittent  exposure  of  HBEC  to  endogenous  estro¬ 
gens,  all  cells  were  first  treated  with  E2,  P,  or  BP  at  72  and 
1 20  h  post-plating.  At  the  end  of  the  first  week  of  treatment, 
the  cells  were  passaged  for  administration  of  another  two 
periods  of  hormonal  treatment.  Treatments  were  repeated 
during  the  second  week,  and  cells  were  collected  at  the 
14th  day  for  phenotypic  and  genotypic  analysis  (Fig.  1).  At 
the  end  of  each  treatment  period,  the  culture  medium  was 
replaced  with  fresh  medium.  At  the  end  of  the  second  week 
of  treatment  the  cells  assayed  for  determination  of  sur¬ 
vival  efficiency  (SE),  colony  efficiency  (CE),  colony  size 
(CS),  and  ductulogenic  capacity,  as  described  in  previous 
publications  [44,45]. 


MCF-10F  cells  at  passage  125  were  cultured  in  DMEM: 
F-12  medium  containing  1.05  mM  calcium  (Ca2+),  antibi¬ 
otics,  antimycotics,  hormones,  growth  factors,  and  equine 
serum  as  previously  described  [44].  In  order  to  determine  the 
optimal  doses  for  the  expression  of  the  cell  transformation 
phenotype,  we  treated  the  immortalized  HBEC  MCF-10F 
with  0.0,  0.07  nM,  70  nM,  or  0.25  mM  of  1 7 (3-estradiol  (E2) 
twice  a  week  for  2  weeks  (Fig.  1).  Based  upon  these  results 
a  dose  of  3.7  pM  (1  pig/ml)  was  selected  for  testing  the 
effect  of  E2,  progesterone  (P),  and  BP. 

2.2.  Evaluation  of  the  effect  of  estrogens  and  other 
compounds  on  the  expression  of  cell  transformation 
phenotypes 

The  spontaneously  immortalized  MCF-10F  cells,  treated 
cells  and  derived  clones  were  maintained  in  DMEM:F-12 
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Fig.  1.  MCF-10F  cells  were  treated  with  E.,  DES,  or  BP  at  72  and  1 20 h 
post  plating.  Treatments  were  repeated  during  the  second  week,  and  cells 
were  collected  at  the  14th  day  for  phenotypic  and  genotypic  analysis. 


2.3 .  Colony  formation  in  agar-methocel  assay 

This  technique  was  utilized  as  an  in  vitro  assay  for 
anchorage  independent  growth,  a  parameter  indicative  of 
transformation.  Parental,  control,  and  treated  cells  were 
suspended  at  a  density  of  2  x  104  cells/ml  in  2  ml  of  0.8% 
methocel  (Sigma  Chemical  Co.,  St.  Louis,  MO)  dissolved 
in  DMEM:F-12  (1:1)  medium  containing  20%  horse  serum. 
Cells  from  each  treatment  group  and  time  point  were  plated 
in  four  24-well  chambers  prc-coated  with  0.5  ml  of  0.8% 
agar  base  in  DMEM:F-12  medium,  which  was  replaced 
with  fresh  feeding  medium  containing  0.8%  methocel  twice 
a  week.  The  actual  number  of  cells  plated  was  calculated 
as  the  average  of  cells  counted  at  lOx  magnification  in  five 
individual  fields,  and  multiplied  by  a  factor  of  83.  CE  and  CS 
were  measured  21  days  after  plating.  CE  was  determined 
by  a  count  of  the  number  of  colonies  greater  than  50  jxm 
in  diameter,  and  expressed  as  a  percentage  of  the  original 
number  of  cells  plated  per  well. 

2.4.  Ductulogenesis  in  collagen  matrix 

This  in  vitro  technique  evaluates  the  capacity  of  cells  to 
differentiate  by  providing  evidence  of  whether  treated  cells 
form  three-dimensional  structures  when  grown  in  a  collagen 
matrix.  Parental,  control,  and  treated  cells  were  suspended  at 
a  final  density  of  2  x  \03  cells/ml  in  89.3%  Vitrogen100  col¬ 
lagen  matrix  (Collagen  Co.,  Palo  Alto,  CA)  and  plated  into 
four  24  well  chambers  prc-coated  with  agar  base.  The  cells 
were  fed  fresh  feeding  medium  containing  20%  horse  serum 
twice  a  week.  The  cells  were  examined  under  an  inverted 
microscope  for  a  period  of  21  days  or  longer  for  determin- 
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ing  whether  they  formed  ductule-like  structures  or  whether 
they  grew  as  unorganized  clumps.  The  final  structures  were 
photographed,  and  then  fixed  in  10%  neutral  buffered  for¬ 
malin,  embedded  in  paraffin,  sectioned,  and  stained  with 
hematoxylin-eosin  for  histological  examination. 

2.5.  Genomic  analysis  of  treated  cells 

2.5.1.  DNA  isolation 

To  obtain  DNA,  treated  and  control  cells  were  lysed  in 
5  ml  of  TNE  (0.5  M  Tris,  pH  8.9,  10  mM  NaCl,  15  mM 
EDTA)  with  500|xg/ml  proteinase  K  and  1%  sodium 
dodecyl  sulfate  (SDS),  and  incubated  at  48  °C  for  24  h. 
Following  two  extractions  with  phenol  (equilibrated  with 


0.1M  Tris,  pH  8.0),  the  DNA  was  spooled  from  2%  v/v 
of  100%  ethanol,  air  dried  and  resuspended  in  20  mM 
EDTA.  The  DNA  was  then  treated  sequentially  with  RNase 
A  (100|xg/ml)  for  1  h  at  37  °C  and  100|xg/ml  proteinase 
K,  1%SDS,  at  48  °C  for  3h,  followed  by  two  extractions 
with  saturated  phenol.  The  DNA  was  again  retrieved  from 
the  aqueous  phase  by  ethanol  precipitation,  washed  exten¬ 
sively  in  70%  ethanol,  and  after  air-drying  suspended  in  TE 
(10  mM  Tris,  pH  8.0),  1  mM  EDTA. 

2.5.2.  Detection  of  allelic  loss 

We  evaluated  for  allelic  losses  the  regions  of  chromo¬ 
somes  1,  2,  3,  6,  8,  9,  11,  12,  13,  16,  17,  and  18  most 
frequently  reported  to  exhibit  LOH  in  spontaneous  breast 


Table  I 


Microsatellite  DNA  polymorphism  analysis  of  MCF-10F  cells  treated  with  E2  or  BP 

Chromosome 

Marker 

Location 

MCF10-F 

E2-1 

E2-2 

BP 

1 

D1S104 

Ip21-lp23 

O 

0 

0 

0 

1 

BAT-40 

lpl3.1 

0 

0 

0 

0 

2 

D2S171 

2p24-21 

0 

0 

0 

0 

2 

D2S123 

2pl6 

0 

0 

0 

0 

3 

D3S1297 

0 

0 

0 

3 

D3S1560 

3p26-3p25 

0 

0 

0 

0 

3 

D3S1304 

3p26-3p25 

0 

0 

0 

0 

3 

D3S1307 

3p26-p25 

0 

0 

0 

0 

3 

D3S1289 

3p23-3p21 

0 

0 

0 

0 

3 

D3S1449 

3p22.3-3p21.3 

0 

0 

0 

0 

3 

D3S1478 

3p2 103-2 1.2 

0 

0 

0 

0 

3 

D3S2384 

3p2 1.3-2 1.2 

0 

0 

0 

0 

3 

D3S1450 

3p21.1-3pl4.2 

0 

0 

0 

0 

3 

D3S1217 

3p21 

0 

0 

0 

0 

3 

D3S1447 

3p21 

0 

0 

0 

0 

3 

D3S1241 

3p21 

0 

0 

0 

0 

3 

D3S1448 

3p21 

0 

0 

0 

0 

3 

D3S1480 

3pl4 

0 

0 

0 

0 

6 

ESR 

6q24-27 

0 

0 

0 

0 

8 

MYCL-1 

8q24. 1 

0 

0 

0 

0 

9 

D9S199 

9p23 

0 

0 

0 

0 

9 

D9S157 

9p23-22 

0 

0 

0 

0 

9 

D9S171 

9p21 

0 

0 

0 

0 

9 

D9S165 

9p21 

0 

0 

0 

0 

11 

D11S988 

lpter-qter 

0 

0 

0 

0 

11 

D11S922 

1 1  pi  5.5 

0 

0 

0 

0 

11 

H-RAS1 

1  Ip  1 5.5 

0 

0 

0 

0 

11 

CCKBR 

1  Ip  15.4 

0 

0 

0 

0 

11 

D11S1392 

1  lpl  3 

0 

0 

0 

0 

11 

Int-2 

1 lpl33 

0 

0 

0 

0 

11 

D11S907 

1  lpl3 

0 

0 

0 

0 

11 

D11S911 

1 lql 3—1 lp23 

0 

0 

0 

0 

11 

D11S436 

1  lpl2— 1  lpl  1.1 

0 

0 

0 

0 

11 

D11S614 

1 lq22— 1 lq23 

0 

0 

0 

0 

11 

D11S940 

1  lq22 

0 

0 

0 

0 

11 

DRD2 

1  lq23.1 

0 

0 

0 

0 

11 

D11S968 

Ilq2301-llq25 

0 

0 

0 

0 

11 

D11S29 

llq23.3 

0 

• 

• 

0 

11 

D11S925 

Ilq23.3-llq24 

0 

0 

0 

0 

11 

D11S912 

1  lq24.2-l  lq25 

0 

• 

• 

0 

12 

IGF-1 

12q22-12q23 

0 

0 

0 

0 

13 

D13S289 

1 3ql  2.2 

0 

0 

0 

0 

13 

D13S260 

13ql2.3 

0 

0 

0 

0 
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Table  1  ( Continued ) 


Chromosome 

Marker 

Location 

MCF10-F 

E2-1 

E2-2 

BP 

13 

D13S267 

1 3q2.3 

O 

0 

0 

0 

13 

D13SI7I 

1 3cj  1 2.3—  1 3 

O 

0 

0 

0 

13 

D13S218 

1 3q 1 3— 1 4. 1 

O 

0 

0 

0 

13 

GABRB-1 

1 3ql4.2 

O 

0 

0 

0 

13 

D13S155 

1 3q  14.3-21 .2 

O 

0 

0 

0 

16 

D16S540 

O 

0 

0 

17 

D17S849 

1 7p  1 3.3 

O 

0 

0 

0 

17 

D17S796 

17pl3.1 

O 

0 

0 

0 

17 

D17S513 

17pl3.1 

O 

0 

0 

0 

17 

Tp53 

17pl3.l 

O 

0 

0 

0 

17 

D17S786 

1 7p  13.1 

O 

0 

0 

0 

17 

D17S793 

1 7p  1 3. 1— 7p  1 1.2 

O 

0 

0 

0 

17 

D17S945 

1 7p 1 3—1 2 

O 

0 

0 

0 

17 

D17S520 

1 7p  1 2 

O 

0 

0 

0 

17 

D17S800 

17ql  1.1-12 

O 

0 

0 

0 

17 

THRA-1 

17ql  1.2-12 

0 

0 

0 

0 

17 

D17S787 

1 7q2 1 -22 

0 

0 

0 

17 

D17S855 

1 7q2 1 .2 

0 

0 

0 

0 

17 

D17S1323 

1 7q2 1 .2 

0 

0 

0 

0 

17 

D17S808 

17q23.2 

0 

0 

0 

0 

17 

D17S789 

17q24 

0 

0 

0 

0 

17 

D17S515 

17q24.2-25.2 

0 

0 

0 

0 

17 

D17S785 

17q25.2 

0 

0 

0 

0 

18 

D18S58 

18q22.3-23 

0 

0 

0 

0 

tumors  (Table  1).  DNA  amplification  of  microsatellite 
length  polymorphisms  was  utilized  for  detecting  allelic 
losses  present  in  the  transformed  clones.  Microsatellites 
are  polymorphic  markers  used  primarily  for  gene  mapping 
which  can  be  broadly  defined  as  relatively  short  (<100  bp) 
runs  of  tandem  repeated  di-  to  tetranucleotide  sequence  mo¬ 
tifs  [61-63].  The  origin  and  nature  of  these  polymorphism 
sequences  is  not  well  established,  but  they  may  result  from 
errors  of  the  polymerase  during  replication  and/or  from 
slightly  unequal  recombination  between  homologous  chro¬ 
matids  during  meiosis.  These  microsatellites  have  proven 
to  be  useful  markers  for  investigating  LOH  and  could  be 
applicable  to  allelotyping  as  well  as  regional  mapping 
of  deletions  in  specific  chromosomal  regions.  They  are 
highly  polymorphic,  very  common  (between  105  and  106 
per  genome),  and  are  flanked  by  unique  sequences  that 
can  serve  as  primers  for  polymerase  chain  reaction  (PCR) 
amplification  [64]. 

2.5.3.  DNA  fingerprinting 

Before  performing  DNA  amplification  of  microsatellite 
DNA  polymorphisms  to  detect  allelic  losses  present  in  E2-, 
DES-,  and  BP-treated  cells,  we  verified  by  DNA  fingerprint¬ 
ing  whether  all  the  clones  derived  from  MCF-lOF-treated 
cells  were  from  the  same  lineage.  Genomic  DNA  was  ex¬ 
tracted  from  the  cells  listed  in  Table  1.  The  identity  of 
these  cells  was  confirmed  by  Southern  blot  hybridization 
of  genomic  DNA  with  a  cocktail  of  the  three  minisatel¬ 
lite  probes  D2S44,  D14S13  and  D17S74.  Genomic  DNAs 
were  digested  with  HifI,  and  hybridized  with  probes  under 
standard  condition  [64]. 


2.5.4.  PCR  analysis  of  microsatellites 

Primers  used  for  the  analysis  of  microsatellite  poly¬ 
morphisms  are  given  elsewhere  [64].  Conditions  for  PCR 
amplification  were  as  follows:  30  ng  of  genomic  DNA, 
lOOpmol  of  each  oligonucleotide  primer,  1  x  PCR  buffer 
(Perkin-Elmer  Cetus),  5  piM  each  of  TTP,  dCTP,  dGTP,  and 
dATP,  1  mCi  [32P]  dATP  (300  mCi/mmol)  (DuPont,  NEN, 
Boston,  MA),  and  0.5  units  of  Amplitaq  DNA  polymerase 
(Perkin-Elmer  Cetus)  in  10  ml  volumes.  The  reactions  were 
processed  through  27  cycles  of  1  min  at  94  °C,  1  min  at  the 
appropriate  annealing  temperatures  determined  for  each  set 
of  primers,  and  1  min  at  72  °C;  with  a  final  extension  of 
7  min  at  72  °C.  Reaction  products  were  diluted  1 :2  in  loading 
buffer  (90%  formamide,  10  mM  EDTA,  0.3%  bromophenol 
blue,  and  0.3%  xylene  cyanol),  heated  at  90  °C  for  5  min 
and  loaded  (4  ml)  onto  5-6%  denaturing  polyacrylamide 
gels.  After  electrophoresis,  gels  were  dried  at  70 °C  and 
exposed  to  XAR-5  film  with  a  Lightning  Plus  intensifying 
screen  at  —  80 °C  for  12-24h.  Allele  sizes  were  determined 
by  comparison  to  M13mpl8  sequencing  ladders. 

2.5.5.  Detection  of  allelic  loss 

LOH  was  defined  as  a  total  loss  of,  or  a  50%,  or  more 
reduction  in  density  in  one  of  the  heterozygous  alleles.  All 
experiments  were  repeated  at  least  three  times  to  avoid 
false  positive  or  false  negative  results.  To  control  for  possi¬ 
ble  DNA  degradation,  the  same  blots  used  to  assess  allelic 
loss  were  analyzed  with  additional  DNA  gene  probes  that 
detect  large  fragments.  The  bands  were  quantitated  using 
a  UltraScan  XL  laser  densitometry  (Pharmacia  LKB  Bio¬ 
technology  Inc.)  within  the  linear  range  of  the  film. 
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Fig.  2.  Box  plot  showing  the  dose  effect  of  17 (3-estradiol  on  the  survival  efficiency  in  agar  methocel  of  MCF-10F  cells. 


3.  Results 

3.L  Determination  of  the  dose  response 
curve  to  17 -estradiol 

In  order  to  determine  the  optimal  doses  for  the  expression 
of  the  cell  transformation  phenotype  we  treated  the  immor¬ 
talized  HBEC  MCF-10F  with  E2  for  testing  the  SE  whether 
they  express  colony  formation  in  agar  methocel,  or  CE,  and 
loss  of  ductulogenesis  in  collagen  matrix.  MCF-10F  cells 
were  treated  with  0.0,  0.007,  70  nM,  or  0.25  mM  of  E2  twice 


a  week  for  2  weeks.  The  SE  was  increased  with  0.007  and 
70  nM  of  17 (3-estradiol  and  decrease  with  0.25  mM  (Fig.  2). 
The  cells  treated  with  either  doses  of  E2  formed  colonies  in 
agar  methocel  and  the  size  was  not  different  among  them 
(Fig.  3),  however,  the  CE  increased  from  0  in  controls  to 
6.1,  9.2,  and  8.7  with  increasing  E2  doses  (Fig.  4).  Ductu¬ 
logenesis  or  the  number  of  ductules  per  10,000  cells  plated, 
was  75  ±  4.9  in  control  cells;  it  decreased  to  63.7  zb  28.8, 
41.3  =b  12.4,  and  17.8  ±  5.0  in  E2-treated  cells  (Fig.  5), 
which  also  formed  spherical  like  structures  or  solid  masses 
(Fig.  6a-d),  whose  numbers  increased  from  0  in  controls  to 


Fig.  3.  Box  plot  showing  the  dose  effect  of  17(3-estradioI  on  colony  size. 
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Fig.  4.  Box  plot  showing  the  close  effect  of  17f3-estradiol  on  colony  efficiency. 
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18.5  ±  6.7,  107  ±11.8  and  130  ±  10.0  for  each  E?  dose 
(Fig.  7). 

3.2.  Effect  of  estrogen,  progesterone 
and  benz.[a]pyrene  on  the  expression 
of  transformation  phenotypes 

The  SE  of  MCF-10F  cells  was  increased  with  all  the 
treatments  (Fig.  8).  Evaluation  of  colony  formation  at  the 
end  of  the  second  week  of  E2  and  BP  treatment  revealed 
that  MCF-10F  cells  formed  colonies  in  agar-methocel  over 


60  jim  in  diameter,  whereas  those  cells  treated  with  proges¬ 
terone  the  colonies  are  smaller  (Fig.  9).  MCF-10F  control 
cells  treated  with  DMSO  did  not  form  colonies  (Fig.  9). 
The  total  CE  was  significantly  increased  by  E2  and  BP,  and 
significantly  less  by  P  (Figs.  10  and  1  la-f). 

3.3.  Ductulogenic  capacity 

Ductulogenesis  was  qualitatively  evaluated  by  estimating 
the  ability  of  the  cells  plated  in  collagen  to  form  tubu¬ 
lar  and  ductular  structures.  It  was  maximal  in  MCF-10F 


Fig.  5.  Box  plot  showing  the  dose  effect  of  17p-estradiol  on  MCF-10F  cells  forming  ductules  in  collagen  matrix  over  10.000  cells  plated. 
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Fig.  6.  (a)  MCF-10F  cells  treated  with  solvent  (DMSO)  forming  well  defined  ductular  structures  in  collagen  matrix;  (b)  0.007  nM  of  E2  induces  alteration 
in  the  ductular  pattern;  (c)  and  (d)  70  nM  of  E2  induces  the  loss  of  ductular  formation  in  collagen  matrix;  (e)  and  (f)  1  fxg  of  E2  or  BP,  respectively, 
induces  the  formation  of  spherical  masses  in  collagen  matrix.  Phase  contrast  microscope  xlO. 


cells  (Fig.  6a),  and  completely  negative  (— )  in  BP-treated 
cells,  which  grew  as  a  solid  or  cystic  mass.  All  the  cells 
treated  with  E2  exhibited  decreased  ability  to  form  duc¬ 
tules  (Fig.  6b-e).  Progesterone  does  not  affect  significantly 
the  ductulogenic  capacity.  The  collagen  matrix  embedded 
in  paraffin  and  cross  sectioned  for  determination  of  cell 


morphology  showed  that  MCF-10F  form  a  well-defined 
ductule  lined  by  a  monolayer  of  cuboidal  epithelial  cells 
(Fig.  12a),  whereas  those  treated  with  E2  the  number  of 
layers  increase  and  in  some  cases  the  whole  lumen  is  oblit¬ 
erated  (Fig.  12b-d).  BP  also  forms  similar  structures  to 
those  induced  by  estrogen,  whereas  the  ductules  formed  by 


■o 


Fig.  7.  Box  plot  showing  the  dose  effect  of  17(Testradiol  on  MCF-10F  cells  forming  solid  or  spherical  masses  in  collagen  matrix  per  10,000  cells  plated. 
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Fig.  8.  Box  plot  showing  the  effect  of  different  compounds  on  MCF-10F  cells  survival  efficiency  in  agar  nicthoccl. 


progesterone  treatment  are  smaller  with  a  reduced  luminal 
size  lined  by  a  monolayer  of  cuboidal  epithelial  cells. 

3.4.  Genomic  changes  induced  in  £2 
and  DES  transformed  MCE- 1  OF  cells 

From  the  E2-treated  cells  six  clones  out  24  colonies  were 
expanded  and  maintained  in  culture.  These  clones  were  des¬ 
ignated  E2-I-E2-6  (Table  2).  These  clones  were  selected  for 
genomic  analysis.  DNA  fingerprint  analysis  of  parent,  E2-, 
P-,  and  BP-treated  cells  and  their  derived  clones  revealed 
that  their  allelic  pattern  was  identical  in  all  the  cell  lines 


analyzed.  These  results  confirmed  that  all  the  cells  tested  had 
the  same  HBEC  origin,  and  that  they  were  free  of  contam¬ 
ination  from  other  cell  lines  maintained  in  our  laboratory. 

Among  67  markers  tested,  which  were  selected  based  on 
chromosomal  changes  reported  to  be  present  in  breast  and 
other  cancers,  only  clones  E2-I  and  E2-2,  exhibited  LOH 
in  chromosome  1 1  (Table  1).  Clones  E2-I  and  E2-2  identi¬ 
cally  expressed  LOH  in  chromosome  1  1  at  1  lq23.3  (marker 
D11S29),  and  1  lq24.2— 25  (marker  D11S912).  BP-treated 
cells  did  not  exhibit  LOH  at  any  of  the  loci  tested.  In¬ 
terestingly,  we  have  found  that  all  the  clones  of  the  cells 
transformed  with  either  E2-,  BP-presented  microsatellite 


Fig.  9.  Box  plot  showing  the  effect  of  different  compounds  on  MCF-10F  cells  colony  size  growing  in  agar  nicthoccl. 


J.  Russo  et  al.  / Journal  of  Steroid  Biochemistry  &  Molecular  Biology  80  (2002)  149-162 


157 


DMSO  Prog.  17-(3-E2  BP 


Fig.  10.  Box  plot  showing  the  effect  of  different  compounds  on  MCF-10F  cells  colony  efficiency  in  agar  methocel. 


instability  (MSI),  expressed  as  an  allelic  expansion  at  3p21 
locus  (marker  D3S1447)  (data  not  shown).  In  order  to  deter¬ 
mine  whether  these  MSIs  were  related  to  alterations  in  mis¬ 
match  repair  genes,  we  performed  microsatellite  DNA  anal¬ 
ysis  in  loci  lpl3.1,  with  marker  BAT40,  2pl6,  with  marker 
D2S123,  and  18q22.3-q23,  with  marker  D18S58,  which  are 
related  to  mismatch  repair  genes.  However,  none  of  those 
markers  showed  alterations  with  this  technique  (Table  1). 

4.  Discussion 

In  the  present  work  we  have  capitalized  on  the  availabi¬ 
lity  in  our  laboratory  of  an  in  vitro  model  of  transforma¬ 
tion  of  immortalized  HBEC  by  the  chemical  carcinogen 


BP  for  comparison  with  phenotypic  and  genomic  changes 
induced  by  the  natural  estrogen  E2.  The  immortalized 
HBEC  MCF-10F  are  negative  for  both  ER-a  and  ER-(3 
[42].  Short  term  treatment  of  these  cells  with  physiological 
doses  of  E2  induces  anchorage  independent  growth,  colony 
formation  in  agar  methocel,  and  reduced  ductulogenic  capa¬ 
city  in  collagen  gel,  all  phenotypes  whose  expression  is 
indicative  of  neoplastic  transformation,  and  that  are  induce 
by  BP  under  the  same  culture  conditions.  Progesterone 
was  unable  to  induce  significant  increase  in  colony  forma¬ 
tion,  although  small  colonies  <60  mm  in  diameter  were 
observed,  whereas  none  were  found  in  the  MCF-10F  cells 
treated  with  DMSO.  The  ductulogenic  pattern  was  not  im¬ 
paired  by  progesterone  but  the  luminal  size  was  smaller 
that  those  found  in  the  MCF-10F  cells. 


Fig.  11.  MCF-10F  cells  plated  in  agar-methocel  for  colony  assay:  (a)  control  cells  do  not  form  colonies,  only  isolated  cells  are  present;  (b)-(d)  colonies 
formed  by  E2 -treated  MCF-10F  cells  at  the  doses  of  0.007,  70  nM  and  1  pJVI,  respectively;  (e)  progesterone-treated  cells;  (f)  BP-treated  cells  induces 
slightly  larger  colonies.  Phase  contrast  microscopy  x4. 
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Fig.  12.  Histological  sections  of  cells  growing  in  collagen  gel.  The  cells  have  been  fixed  in  buffered  formalin,  embedded  in  paraffin  and  the  sections 
stained  with  hematoxylin  and  eosin.  (a)  MCF-10F  cells  treated  with  solvent  (DMSO)  forming  well  defined  ductular  structures  lined  by  a  single  cuboidal 
layer  of  cells;  (b)  0.007  nM  of  E2  induces  alteration  in  the  ductular  pattern  forming  spherical  masses  lined  by  two  to  three  layers  of  cells;  (c)  70  nM  of 
E2  induces  the  loss  of  ductular  formation  in  collagen  matrix  and  the  solid  spherical  masses  are  composed  of  large  cuboidal  cells;  (d)  1  p.g  of  E2  or  BP 
induces  the  formation  of  spherical  masses  lined  by  multiple  layers  of  cells.  Phase  contrast  microscope  xlO  Hematoxylin  and  eosin  x  10. 


Altogether  these  data  clearly  indicate  that  HBEC  when 
treated  with  E2  produces  significant  morphogenetic  changes. 
The  fact  that  the  MCF-10F  cells  are  both  ER-a  and  ER-[3 
negative,  argue  in  favor  of  a  metabolic  activation  of  estrogens 
mediated  by  various  cytochrome  P450  (CYP)  complexes, 
generating  through  this  pathway  reactive  intermediates  that 
elicit  direct  genotoxic  effects  by  increasing  mutation  rates. 
An  increase  in  CE  due  to  either  elevated  rates  of  synthesis 


or  reduced  rates  of  monomcthylation  will  easily  lead  to  their 
autoxidation  to  semiquinones  and  subsequently  quinones, 
both  of  which  are  electrophiles  capable  of  covalently  bind¬ 
ing  to  nucleophilic  groups  on  DNA.  Through  this  pathway 
estrogen  and  estrogen  metabolites  exert  direct  genotoxic 
effects  that  might  increase  mutation  rates,  or  compromise  the 
DNA  repair  system,  leading  to  the  accumulation  of  genomic 
alterations  essential  to  tumorigenesis  [  i  8—23].  Although  this 


Table  2 

Phenotypic  markers  of  cell  transformation  induced  in  MCF-10F  cells  by  E2,  and  BP 


Cell  type 

No.  of 
passages 

Doubling  time 
(DT)  (h)a 

Colony 

number  (CN)h 

Colony  efficiency 
(7r)  (CE)h 

Colony  size 
(CS)  (m)b 

MCF-10F 

113 

93  ±  5.6 

0.0 

0.0 

0.0 

BP 

4 

42  ±  3.8 

89 

18  ±  4.5 

670  ±  46 

Eo 

4 

78  ±  16.0 

24c 

4.8  ±  0.9 

170  ±  34 

E2-ld 

4 

81  ±  3.0 

36 

7.2  ±  3.7 

180  ±  12 

E2-2d 

4 

68  ±  10 

45 

9.0  ±  2.0 

150  ±  6 

E2-3 

5 

66  ±  8.0 

39 

7.9  ±  5.6 

190  ±  9 

E2-4 

3 

82  ±  6.0 

20 

3.5  ±  1.1 

134  ±  5 

E2-5 

6 

61  ±  5.6 

63 

12.6  ±  3.0 

193  ±  12 

E2-6 

4 

73  ±  3.0 

54 

10.8  ±  4.9 

189  ±  5 

a  DT  was  determined  as  described  in  (431*  DT  was  significantly  different  by  Student's  /-test  between  BP  and  all  the  other  cells  lines  (P  <  0.001). 
h  CN,  CE,  and  CS  were  significantly  different  between  MCF-10F  and  all  other  cell  lines  ( P  -  0.00001).  CS  of  DES  clones  was  significantly  different 


from  E2  and  BP  cells  (P  =  0.001). 

c  From  24  colonies  derived  from  E2-trcatcd  cells,  clones  E2-I.  E2-2.  E2-3,  E2-4.  E2-5  and  E2-6  were  recovered  and  expanded. 
dE2-l  and  E2-2  cells  have  been  used  for  detection  0  microsatellite  DNA  polymorphism. 
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pathway  has  not  been  demonstrated  in  the  present  work, 
the  data  are  supporting  but  not  definitively  demonstrating 
the  pathway.  More  studies  in  this  subject  are  in  progress  in 
our  laboratory  to  define  this  mechanism. 

It  was  of  great  interest  that  by  the  fourth  passage  after 
four  treatments  during  a  2-week  period,  clones  derived  from 
E2 -transformed  cells  exhibited  LOH  in  chromosome  11, 
whereas  during  the  same  period  of  time,  the  chemical  car¬ 
cinogen  BP  did  not  induce  genomic  changes,  even  though 
we  have  previously  reported  that  this  carcinogen  induces 
LOH  in  chromosome  17  [43],  in  addition  to  tumorigenesis 
in  a  heterologous  host  after  a  larger  number  of  passages  and 
a  more  prolonged  selection  process  in  vitro  [44,45].  We  have 
found  that  estrogen  induces  LOH  in  chromosome  11,  as 
detected  using  the  markers  D11S29  and  D11S912  mapped 
to  llq23.3  and  1  lq24.2-25,  respectively.  It  has  been  re¬ 
ported  that  both  arms  of  chromosome  11  contain  several 
regions  of  LOH  in  cancers  of  the  breast  and  of  other  organs, 
and  that  transfer  of  chromosome  1 1  to  mammary  cell  lines 
suppresses  tumorigenicity  in  athymic  mice  [65].  Several 
genes,  such  as  HRAs ,  CTSD ,  ILK ,  TSG101  and  KI1  have 
been  reported  to  be  located  on  the  short  arm  of  chromo¬ 
some  11  [53,54,65-71].  A  region  of  deletion  on  1  lq22— 23 
has  been  described  on  the  long  arm  of  chromosome  11  in 
40-60%  of  breast  tumors  [51,57,59,60,72-74].  The  ataxia 
telangiectasia  susceptibility  gene  ( ATM)  is  the  most  widely 
studied  candidate  gene  in  this  region  [75].  ATM  may  act  up¬ 
stream  of  the  TP 5 3  gene  in  cell  cycle  regulation  [76,77]  and 
its  heterozygous  mutation  is  associated  with  high  incidence 
of  early-onset  breast  cancer.  This  region  has  been  reported 
to  contain  several  tumor  suppressor  genes  and  genes  in¬ 
volved  in  the  metastatic  process.  In  this  latter  group,  the 
MMP  genes  encoding  matrix  metalloproteases  involved  in 
invasion,  ETS1  encoding  a  transcription  factor  involved  in 
angiogenesis,  and  VACM-1,  encoding  a  protein  probably 
involved  in  cell  cycle  regulation  have  been  identified  [78]. 
Although  some  of  these  genes  might  be  affected  during 
the  transformation  of  HBEC  induced  by  estrogens,  a  more 
detailed  allelotyping  using  multiple  markers  is  required  for 
better  defining  the  significance  of  LOH  in  these  cells. 

Approximately  35%  of  breast  cancers  show  LOH  at  the 
D11S29  and  NCAM  loci  [79],  and  a  higher  frequency  of 
LOH  at  this  locus  has  also  been  found  in  melanomas  [80]. 
LOH  has  been  found  at  frequencies  of  25  and  29%  at  the 
distal  D11S968  (11-qter)  and  D11S29  (llq23.3  locus), 
slightly  above  the  accepted  baseline  of  0-20%  in  colorectal 
cancer.  The  fact  that  breast  cancer,  melanoma,  and  colorectal 
cancer  have  been  found  to  be  influenced  by  estrogens  [81], 
give  relevance  to  our  data  that  treatment  of  MCF-10F  cells 
with  estrogens  induces  LOH  in  this  specific  locus.  LOH  at 
llq23-qter  occurs  frequently  in  ovarian  and  other  cancers 
[82,83]. 

The  most  frequent  allelic  loss  observed  in  breast  cancer 
has  been  reported  in  chromosome  17p,  suggesting  that  genes 
located  in  that  chromosome  arm,  such  as  p53  oncogene, 
might  be  a  likely  target  for  this  event.  [33,80-100].  We  have 


not  been  able  up  to  now  to  demonstrate  any  LOH  in  chromo¬ 
some  17  in  estrogen  transformed  MCF-10F  cells.  However, 
we  have  used  a  small  number  of  markers,  and  the  possibil¬ 
ity  that  LOH  might  be  located  at  sites  not  tested  yet  cannot 
be  ruled  out.  Therefore,  the  study  of  allelic  imbalances  at 
17q  and  17p,  as  well  as  in  chromosome  16  [85,101,102] 
in  estrogen  transformed  HBEC  must  be  carried  out  to  pro¬ 
vide  further  understanding  of  the  functional  involvement 
of  these  chromosomes  in  the  process  of  cell  transformation 
by  E2. 

The  observations  that  E2,  and  BP  induce  similar  pheno¬ 
typical,  but  different  genomic  alterations  requires  further 
investigation  in  order  to  elucidate  the  significance  of  timing 
of  appearance  of  each  type  of  changes  with  regards  to  can¬ 
cer  initiation  and  progression.  There  are  several  probable 
avenues  for  explaining  these  discrepancies.  In  this  model, 
both  estrogens  and  the  chemical  carcinogen  as  an  early 
event  induce  phenotypic  changes,  whereas  LOH  is  a  rare 
event  that  is  manifested  in  different  chromosomes  and  only 
in  few  clones  derived  from  E2 -treated  cells.  The  rarity  of 
the  phenomenon  is  in  agreement  with  the  low  frequency 
of  LOH  observed  in  BP  transformed  cells,  in  which  the 
phenomenon  is  manifested  at  a  more  advanced  stage  of 
neoplastic  progression  [43,100].  Altogether  these  observa¬ 
tions  suggest  that  these  two  compounds  might  act  through 
different  genetic  events  for  inducing  similar  transformation 
phenotypes. 
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INTRODUCTION 

Epidemiological  and^linical  evidence  indi¬ 
cates  that  breast  cancer  risk  is  associated  with 
prolonged  exposure  to  female  ovarian 
hormones,  mainly  since  a  greater  incidence  of 
this  disease  is  associated  with  early  onset  of 
menarche  and  late  menopause,  two  conditions 
directly  regulated  by  ovarian  function1"4. 
Although  breast  cancer  is  a  hormone-  and  sex- 
dependent  malignancy  whose  development  is 
influenced  by  a  myriad  of  hormones  and 
growth  factors5,6,  estrogens  have  been  demon¬ 
strated  to  be  of  essenual  importance  in  this 
phenomenon.  This  postulate  has  been  further 
supported  by  the  greater  cancer  risk  observed 
in  postmenopausal  hyperestrogenism  resulting 
from  the  use  of  estrogenic  hormone  replace¬ 
ment  therapy  and  obesity7,8. 

Estrogens,  which  are  necessary  for  the 
normal  development  of  both  reproductive  and 
non-reproductive  organs,  exert  their  physio¬ 
logical  effects  by  binding  to  their  specific 
receptors,  the  estrogen  receptors  (ER)  a  or 
(39-15.  ERa  resides  in  the  nucleus  of  target  cells 
in  an  inactive  form  associated  with  a  large 
inhibitory  protein  complex.  Both  endogenous 
and  exogenous  estrogens,  such  as  17(3-estradiol 
and  the  synthetic  non-steroidal  estrogen 
diethvlstilbestrol  (DES),  bind  to  the  C- 
terminal  ligand-binding  domain  (LBD)  of  the 
ERa,  activating  the  receptor,  which  undergoes 
a  conformational  change.  The  activated 
receptor  undergoes  dimerization,  participa¬ 
ting  in  the  regulation  of  target  gene 
transcription  by  one  of  two  mechanisms:  first, 
binding  to  transcription  factors,  such  as  AP-1, 
forming  a  complex  that  recruits  transcrip¬ 


tional  co-activators,  i.e.  the  steroid  receptor  co¬ 
activator  protein  1  (SRC-1)16,  or  second,  the 
ER  can  form  a  ternary  complex  with  a  co¬ 
activator  protein  after  its  direct  interaction 
with  specific  regulatory  sequences  within 
target  gene  promoters9-11.  Estrogens  might  also 
act  through  alternative  non-receptor-mediated 
pathways.  It  has  been  recently  found  that 
overexpression  of  p21  in  a  p2 1-negative,  ER- 
negative  cell  line  induced  both  the  ER  and 
estrogen  response  element  (ERE)  promoters 
in  an  estrogen-responsive  manner.  Stable  p21 
clones  that  also  lack  the  expression  of wild-type 
ERE  were  responsive  to  the  growth  inhibitory 
effect  of  ICI-182  780,  a  potent  antiestrogen, 
and  the  growth  stimulatory  effects  of  1713- 
estradiol17. 

Estradiol,  under  the  effect  of  1/B-oxido- 
reductase,  is  continuously  interconverted  to 
estrone,  and  both  are  hydroxylated  at  C-2,  C-4, 
or  C-16a  positions  by  cytochrome  P450 
isoenzymes,  i.e.  CYP1A1,  CYP1A2,  or  CiPIBl, 
to  form  catechol  estr qgens1*"23.  The  demon¬ 
stration  that  the  catecholestrogen  4-hydroxy- 
estradiol  induces  an  estrogenic  response  in  the 
uterus  of  ERa  null  mice,  and  the  fact  that  this 
response  is  not  inhibited  by  the  antiestrogen 
ICI-182  7809,  indicate  that  this  catechol¬ 
estrogen  does  not  exert  its  effect  on  the  ER. 
There  is  also  evidence  that  estrogen  may  not 
need  to  activate  its  nuclear  receptors  to  initiate 
or  promote  breast  carcinogenesis.  The 
metabolic  activation  of  estrogens  can  be 
mediated  by  various  cytochrome  P450  (CYP) 
complexes,  generating  through  this  pathway 
reactive  intermediates  that  elicit  direct 
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genotoxic  effects  by  increasing  mutation  rates. 
An  increase  in  colony  efficiency  due  to;  either 
elevated  rates  of  synthesis  or  reduced  rates  of  V 
mbnbmethylation  will  -easily  lead;  lib  their 
adtbxidatiort  to  semiquinones  and ■  ■ ^  subse¬ 
quently  quiiiones,  both  of  which  are 
electrophiles  capable  of  covalently  binding  to 
nucleophilic  .groups  oh  DNA  via'  a.vMichael 
addition,  and  thus  serve  as  the  ultimate 
carcinogenic  reactive  intermediates  in  the 
peroxidatic  activation  of  colony  efficiency. 
Thus,  estrogen  and  estrogen  metabolites  exert 
direct  genotoxic  .effects  that  might  increase 
mutation  rates,  or  Gompfamise  the  DNA  repair 
system,  leading  to  the  accumulation  of 
genomic  alterations  essential  to  tumori- 

o 

genesis18-23.  Although  this  pathway  has  been 
demonstrated  in  other  systems,  it  still  needs  to 
be  demonstrated  in  normal  breast  epithelial 
cells. 

Breast  cancers  exhibit  genomic  alterations, 
such  as  DNA  amplification  and  loss  of  genetic 
material  that  may  represent  tumor  suppressor 
genes-4-39.  Although  their  role  in  the  causation 
of  the  disease  has  not  been  clearly  established, 
it  is  generally  accepted  that  the  accumulation 
of  genetic  alterations  promotes  tumor 
progression38*39.  Specific  types  of  genetic 
alterations,  then,  might  identify  essential  steps 
in  the  initiation  and/or  progression  of  cancer. 
We  postulate  that  if  estrogens  initiate  the 
neoplasuc  process  or  are  responsible  for  its 
progression,  they  would  induce  in  the  normal 
breast  epithelium  the  same  type  of  genomic 
alterations  observed  in  spontaneous  malig¬ 
nancies.  In  order  to  test  this  hypothesis  we 
evaluated  the  transforming  potential  of 
estradiol  and  DES  on  human  breast  epithelial 
cells  (HBEC)  in  vitro ,  utilizing  the  spon¬ 
taneously  immortalized  HBEC  MCF-10F40,41. 
This  cell  line  lacks  both  ERa  and  ER|3, 
although  this  latter  receptor  is  induced  in  cells 
transformed  by  chemical  carcinogens42.  The 
same  phenotypes  and  characteristics  that  were 
expressed  by  MCF-10F  cells  transformed  by  the 
chemical  carcinogen  benz (a)  pyrene  (BP)  and 
oncogenes43"46  were  evaluated  in  estradiol-  and 
DES-treated  cells:  anchorage-independent 
growth,  colony  formation  in  agar  methocel, 
ductulogenic  capacity  in  collagen  gel  and 


invasiveness  index  in  Matrigel.  In  addition, 
DNA  of  treated  cells  was  analyzed  for  specific  , 
genomic  alte^  such ;  as  loss  of  hetero¬ 
zygosity  (LOH)  at  chromosomal  loci  known  to  ? 
be  affected-  in  spontaneously  occurring  breast 
lesions*  such  as  ductal  hyperplasia,  -carcinoma : 
in  situ  andinyasive  ciardnpma47-1^ 

PROOF  OF  PRINCIPLE 

In  order  to  determine  the  optimal  doses  for 
the  expression  of  the  cell  transformation 
phenotype,  we  treated  the  immortalized  HBEC 
MCF-10F  with  17|3-estradiol  for  testing  whether 
they  expressed  colony  formation  in  agar 
methocel,  or  colony  efficiency,  and  loss  of 
ductulogenesis  in  collagen  matrix,  phenotypes 
also  induced  bv  the  carcinogen  BP44*43.  MCF- 
10F  cells  were  treated  with  0.0,  0.007  nmol/1. 
70  nmol/1,  or  0.25  mmol/1  17(3-estradioi  twice 
a  week  for  2  weeks.  Colony  efficiency  increased 
from  0  in  controls  to  6.1,  9.2  and  8.7 
with  increasing  estradiol  doses  (Figure  1). 
Ductulogenesis  was  75  ±  4.9  in  control  cells;  it 
decreased  to  63.7  ±  28.8,  41.3  ±  12.4  and  17.8  ± 
5.0  in  estradiol-treated  cells  (Figures  2  and  3a), 
which  also  formed  solid  masses  (Figure  3b), 
whose  numbers  increased  from  0  in  controls  to 
18.5  ±  6.7,  107  ±11.8  and  130  ±  10.0  for  each 
estradiol  dose  (Figure  2).  Based  upon  these 
results,  a  dose  of  3.7  jxmol/1  (1  ug/ml)  was 
selected  for  testing  the  effect  of  estradiol  or 
DES. 

EVALUATION  OF  THE  EFFECT  OF 
ESTROGENS  ON  THE  EXPRESSION  OF 
CELL  TRANSFORMATION  PHENOTYPES 

The  spontaneously  immortalized  MCF-10F 
cells  were  treated  with  1.0  jxg/ml  17|3-estradioi 
or  DES;  control  cells  were  treated  with 
dimethyl  sulfoxide  (DMSO).  MCF-10F  cells 
treated  with  1.0  ug/ml  BP  served  as  positive 
controls  for  cell  transformation  assays.  In 
order  to  mimic  the  intermittent  exposure  of 
HBEC  to  endogenous  estrogens,  all  cells  were 
first  treated  with  17|3-estradiol,  DES,  or  BP  at 
72  h  and  120  h  post-plating.  At  the  end  of  the 
first  week  of  treatment,  the  cells  were  divided 
for  evaluation  of  specific  phenotypic  charac- 
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17|>Estradiol 


Figure  1  Histogram  showing  the  colony  efficiency  in  agar-methocel  of  MCF-10F  cells  treated  with 
different  concentrations  of  17|3-estradiol 


17p-Estradiol 


Figure  2  Histogram  showing  the  decrease  in  ductule  formation  in  a  collagen  matrix  and  the  increase  in 
the  formation  of  solid  masses  at  increasing  concentrations  of  17p-estradiol 
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Figure  3  (a)  DuctutfiV.  formed  in  a  collagen  matrix  by  MCF-10F  cells;  (b)  the  ductular  pattern  is  distorted 

by  0.007  nmol/1  of  17^festradiol;  (c)  formation  of  solid  masses  bv  MCF-10F  cells  treated  with  /0  nmol/1  of 
176-estradiol 


teristics  or  they  were  passaged  for  admini¬ 
stration  of  another  two  periods  of  hormonal 
treatment.  Treatments  were  repeated  during 
the  second  week,  and  cells  were  collected  on 
the  14th  day  for  phenotypic  and  genotypic 
analysis.  At  the  end  of  each  treatment  period 
the  culture  medium  was  replaced  with  fresh 
medium.  At  the  end  of  the  second  week  of 
treatment  the  cells  were  assayed  for  deter¬ 
mination  of  doubling  time,  survival  efficiency, 
colony  efficiency,  colony  size  and  ductulogenic 
capacity. 

The  doubling  time  of  MCF-10F  cells  was  93 
±  5.6  h.  It  was  decreased,  but  not  significantly, 
in  estradiol-  and  DES-treated  cells  and  their 
derived  clones.  A  significant  decrease,  greater 
than  50%,  was  observed  in  BP-treated  cells 
(Table  1).  Evaluation  of  colony  formation  at 
the  end  of  the  second  week  of  treatment 
revealed  that  MCF-10F  cells  treated  with 
estradiol,  DES,  or  BP,  formed  colonies  in 
agar-methocel,  whereas  MCF-10F  control  cells 
treated  with  DMSO  did  not  (Table  1,  Figure  4). 
Estradiol-treated  cells  formed  24  colonies, 
from  which  six  clones  were  expanded  and 
maintained  in  culture.  These  clones  were 
designated  E.,-1  to  E,-6  (Table  1).  DES-treated 
MCF-10F  cells  formed  151  colonies,  from 
which  24  colonies  were  isolated  and  seven 
clones  survived.  They  were  expanded  and 
maintained  in  culture,  being  designated  DES-1 
to  DES-7  (Table  1).  BP-treated  cells  formed  89 
colonies,  which  had  an  average  size  of  670  ± 


46  pm  in  diameter.  Those  colonies  formed  by 
DES-  and  estradiol-treated  cells  and  their 
respective  derived  clones  were  significantly 
smaller  than  those  formed  by  BP-transformed 
cells.  However,  DES-treated  cell  colonies  were 
larger  than  those  formed  by  estradiol-treated 
cells  and  their  derived  clones  (Table  1,  Figure 
4).  . 

Ductulogenesis  was  qualitatively  evaluated 
by  estimating  the  ability  of  the  cells  plated  in 
collagen  to  form  tubular  and  ductular 
structures.  It  was  maximal  (++)  in  MCF-10F 
cells,  and  completely  negative  (-)  in  BP- 
treated  cells,  which  grew  as  a  solid  or  cystic 
mass  (Table  1).  Estradiol-  and  DES-treated 
cells,  and  E„-4  and  DES-1 -clones,  exhibited  a 
moderately  decreased  ability  to  form  ductules 
(+).  It  was  interesting  to  observe  that  all  the 
other  clones  derived  from  estradiol-  and  DES- 
treated  cells  exhibited  an  overall  decrease  of 
ductulogenic  capacity.  Clones  E.,-3,  E,-6  and 
DES-5  had  completely  lost  this  property,  being 
in  this  sense  similar  to  BP-treated  cells  (Table 
1). 

GENOMIC  CHANGES  INDUCED  IN 
ESTRADIOL-  AND  DIETHYLSTILBESTROL 
TRANSFORMED  MCF-10  CELLS 

Looking  for  allelic  losses,  we  evaluated  the 
regions  of  chromosomes  1,  2,  3,  6,  8,  9,  11,  12, 
13,  16,  17  and  18  most  frequently  reported  to 
exhibit  LOH  in  spontaneous  breast  tumors. 
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Table  1  Phenotypic  markers  of  cell  transformation  induced  in  MCF-10F  cells  by  17j3-estfadi61  (£,), 
diethvlstilbestrol  (DES)  and  benz (a) pyrene  (BP).  Reprinted  from  reference  11 7  with  permission 
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33.17  ±  5.9 

360  ±  60 

- 

DES-6 

5 

67  ±3 

150 

29.8  ±  10 

290  ±  32 

+/- 

DES-7 

5 

78  ±  4 

99 

19.6  ±6.9 

207  ±  28 

+  /_ 

Doubling  time  was  determined  as  described  in  reference  43.  Doubling  time  was  significantly  different  by 
Student’s  t  test  between  BP  and  all  the  other  cells  lines (p  <  0.001).  Colony  number,  colony  efficiency  and 
colony  size  were  significandy  different  between  MCF-10F  and  all  other  cell  lines  ( p  =  0.00001).  Colony  size 
of  DES  clones  was  significandy  different  from  E_>  and  BP  cells  ( p  =  0.001).  From  24  colonies  derived  from  En¬ 
treated  cells,  clones  E.rl,  -2,  -3,  -4,  -5  and  -6  were  recovered  and  expanded.  From  151  colonies  derived  from 
DES-treated  cells,  24  colonies  were  isolated  clones  DES-1,  -2,  -3,  -4,  -5,  -6  and  -7  were  recovered  and 
expanded.  Ductulogenesis,  duct-like  formation  in  collagen  gel.  *The$e  cells  have  been  used  for  detection 
of  microsatellite  DNA  polymorphism 


DNA  amplification  of  microsatellite  length 
polymorphisms  was  utilized  for  detecting 
allelic  losses  present  in  the  transformed 
clones.  Microsatellites  are  polymorphic 
markers  used  primarily  for  gene  mapping 
which  can  be  broadly  defined  as  relatively 
short  (<  100  base  pair)  runs  of  tandem 
repeated  di-  to  tetranucleotide  sequence 
motifs61-63.  The  origin  and  nature  of  these  poly¬ 
morphism  sequences  is  not  well  established, 
but  they  may  result  from  errors  of  the 
polymerase  during  replication  and/or  from 
slightly  unequal  recombination  between 
homologous  chromauds  during  meiosis.  These 
microsatellites  have  proved  to  be  useful 
markers  for  investigating  LOH  and  could  be 
applicable  to  allelotyping  as  well  as  regional 
mapping  of  deletions  in  specific  chromosomal 
regions.  They  are  highly  polymorphic,  very 
common  (between  105  and  106  per  genome), 
and  are  flanked  by  unique  sequences  that  can 


serve  as  primers  for  polymerase  chain  reaction 
(PCR)  amplification1'”1.  LOH  was  defined  as  a 
total  loss,  or  more  than  50%  reduction,  of 
density  in  one  of  the  heterozygous  alleles.  All 
experiments  were  repeated  at  least  three  times 
to  avoid  false-positive  or  false-negative  results. 
To  control  for  possible  DNA  degradation,  the 
same  blots  used  tO;  assess  allelic  loss  were 

•V” 

analyzed  with  additional  DNA  gene  probes 
that  detect  large  fragments.  . 

Among  67  markers  tested,  which  were 
selected  on  the  basis  of  chromosomal  changes 
reported  to  be  present  in  breast  and  other 
cancers,  only  clones  DES-5,  and  E.rl  and  E.r2, 
exhibited  LOH  in  chromosomes  3  and  1  Ir¬ 
respectively.  LOH  in  chromosome  3  was 
detected  at  three  different  loci,,  which  were 
detected  with  five  different  markers:  3p21.3- 
21.2  (markers  D3S1478  and  D3S2384), 
3p21. 1-14.2  (marker  D3S1450)  and  3p21 
(marker  D3S1217  and  D3S1447)  (Figure  5).  It 


C°l0ny  ^Control  cells  did  not  form  colonies.  Onlv 

(DES)-and  benz0^a)p>Tene’(BP)-Kated  xMCF  10f‘ anfF^T “*  !?  1.7p'estradio1  (E-’)"  diethylsrilbestrol 
colonies  (e,  4x;  f,  10x); cofon  es 2x-  h  (C’  4*:  d’  10x);  ^"duced 


was  of  interest  that  clone  DES-5,  in  addition  to 
exhibiting  LOH  in  chromosome  3,  was  the  one 
exhibiting  the  most  marked  expression  of 
transformation  phenotypes,  i.e.  larger  colony 
size  and  absent  ductulogenic  ability  in  collagen 
gel  (Table  1).  Clones  E„-l  and  E.,-2  identically 
expressed  LOH  in  chromosome  11  at  llq23.3 


(marker  D11S29),  and  Ilq24.2-llq25  (marker 
D11S912).  BP-treated  cells  did  not  exhibit 
LOH  at  any  of  the  loci  tested  (Figure  6). 
Interestingly,  we  have  found  that  all  the  clones 
of  the  cells  transformed  with  either  estradiol, 
DES  or  BP  presented  microsatellite  instability 
(MSI),  expressed  as  an  allelic  expansion  at 
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rigure  5  Ideogram  of  chromosome  3.  showing  the  loss  of  heterozygosity 
lerived  from  176-estradiol-transformed  MCF-10F  cells 


(LOH)  in  clones  E.,-1  and  E.,-2 


3p21  locus  (marker  D3S1447)  (data  not 
shown) .  In  order  to  determine  whether  these 
MSIs  were  related  to  alterations  in  mismatch 
repair  genes,  we  performed  microsatellite 
DNA  analysis  in  loci  lpl3.1,  with  marker 
BAT40,  2pl6,  with  marker  D2S123,  and 
18q22.3-23,  with  marker  D18S58,  which  are 
related  to  mismatch  repair  genes.  However, 
none  of  these  markers  showed  alterations  with 
this  technique. 


CORRELATION  BETWEEN  GENOTYPE 
AND  PHENOTYPE 

In  the  present  work  we  have  capitalized  on  the 
availability  in  our  laboratory  of  an  in  vitro 
model  of  transformation  of  immortalized 
HBEC  by  the  chemical  carcinogen  BP  for 
comparison  with  phenotypic  and  genomic 


anges  induced  by  the  natural  estrogen  17|3- 
tradiol  and  the  synthetic  estrogen  DES  m  the 
me  cells44--15.  The  immortalized  human  breast 
lithelial  cells  MCF-10F  are  negative  for  both 
la  and  ER($4-.  Short-term  treatments  of  these 
:11s  with  these  two  estrogenic  compounds 
duce  anchorage-independent  growth, 

>lony  formation  in  agar-methocel  and 
:duced  ductulogenic  capacity  in  collagen  gel, 

1  phenotypes  whose  expression  is  indicative 
f  neoplastic  transformation,  and  that  are 
iduced  by  BP  under  the  same  culture 
editions.  It  was  of  great  interest  that  by  the 
mrth  passage  after  four  treatments  during  a 
-week  period,  clones  derived  from  DES-  and 
stradiol-transformed  cells  exhibited  loss  of 
eterozygosity  in  chromosomes  3  and  11, 
espectively,  whereas  during  the  same  period 
f  time  the  chemical  carcinogen  BP  did  not 
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Figure  6  Ideogram  of  chromosome  11  showing  the  loss  of  heterozygosity  (LOH)  in  the  DES-5  clone 
derived  from  diethvlstilbestrol-transformed  MCF-10F  cells 


induce  genomic  changes,  even  though  we  have 
previously  reported  that  this  carcinogen 
induces  LOH  in  chromosome  1743,  in  addition 
to  tumorigenesis  in  a  heterologous  host  after  a 
larger  number  of  passages  and  a  more 
prolonged  selection  process  in  vitro44'45.  The 
expression  of  LOH  in  chromosome  3  in  DES- 
transformed  breast  epithelial  cells  acquired 
relevance  in  view  of  the  reports  that  frequent 
homozygous  deletions,  rearrangements  and 
hypermethylation  at  3p21  loci  have  been 
found  to  be  present  in  spontaneously 
occurring  breast  lesions,  such  as  ductal 
hyperplasia,  carcinoma  in  situ  and  invasive 
carcinoma31,47"50,65^8.  The  existence  of  suppres¬ 
sor  genes  on  3p  has  also  been  suggested  by- 
transfection  studies  in  which  3p  DNA 
fragments  inhibited  tumorigenesis  in  nude 
mice68,69.  We  have  observed  LOH  at  3p21  using 
markers  D3S1217  and  D3S1447,  and  in  the 
region  3p21.1-p21.2  with  markers  D3S1478 


and  D3S2384.  LOH  in  this  region  has  been 
reported  in  nearly  all  small-cell  lung 
carcinomas70.  Even  though  deletion  in  these 
regions  is  not  considered  to  be  specific  for 
breast  cancer,  our  observations  might  indicate 
that  they  represent  a  genedc  event  triggered  by 
estrogens,  which  could  play  a  key  role  in  the 
development  and  progression  of  tumors 
originated  from  this  type  of  epithelium.  LOH 
in  3p21.3  has  been  found  more  frequently  in 
breast  cancer  metastases  than  in  primary 
tumors.  Several  putative  ‘metastasis-related 
genes’  are  located  in  this  region,  such  as 
37LRP71-74,  CTNNB1,  which  encodes  |3 
catenin75,  and  the  aRLC  gene,  which  encodes 
a  new  integrin  subunit,  identified  by  positional 
cloning,  that  shows  homology  with  the  al 
integrin  involved  in  the  metastauc  process70. 
We  have  also  found  LOH  in  the  3p21.1-14.2 
(marker  D3S1450).  This  region  has  been 
found  to  be  associated  with  dysregulated  cell 
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h-jX  proliferation  rather  than  with  tumor  pro-  higher  frequency  of  LOH  af  this  locus  has  also 
rS;v  - .  ;  gression30.,It  is  also  frequently  deleted  in  in  situ  been  found  in  melanomas94.  LOH  has  been 
#  •  ;i  carcinoma,  benign  tumors  and  familial  breast  found  at  frequencies  of  25%  and  29%  at  the 
I  cancers3"76,77.  The  3pl4.2  region  .contains  a  distal  D11S968  (llqter)  and  D11S29  (llq23.3 
"  v; '  y  '  fragile  site  known  as  FRA3B,  from  which  the  locus),  slightly  above  the  accepted  baseline  of 
:  ! :  :  FHIT  gene  has  recently  been  cloned.  It  0-20%  in  colorectal  cancer.  The  fact  that 
•  '-’encodes  a  protein  showing  homology  with  a  breast  cancer,  melanoma  and  colorectal 
v.  yeast  hydrolase,  and  its  transcripts  show  cancer  have  been  found  to  be  influenced  by 

y1-  -  rearrangements  in  different  cell  lines  and  estrogens9’  gives  relevance  to  our  data  that 
tumors52-77.  Recently,  telomerase-regulaung:  treatment  of  MCF-10F  cells  with  estrogens 
;i‘  -  "genes  have  been  located  in  3p21.3-p22  and  induces  LOH  in  this  specific  locus.  LOH  at 
3pl2-21.1  using  the  microcell  monochromo-  llq23-q ter  occurs  frequently  in  ovarian  and 

some  uansfer  technique75.  We  have  also  found  other  cancers99-9'. 

_  that  estrogen  induces  4.0 H  in  chromosome  The  most  frequent  allelic  loss  observed  in 

11,  as  detected  using  the  markers  D11S29  and  breast  cancer  has  been  reported  in  chro- 
-  D11S912  mapped  to  llq23.3  and  llq24.2-25,  mosome  17p,  suggesting  that  genes  located  in 
respectively.  It  has  been  reported  that  both  that  chromosome  arm,  such  as  the  p53 
arms  of  chromosome  11  contain  several  oncogene,  might  be  a  likely  target  for  this 
regions  of  LOH  in  cancers  of  the  breast  and  of  event33-93-"4.  To  date,  we  have  not  been  able  to 
other  organs,  and  that  transfer  of  chromosome  demonstrate  any  LOH  in  chromosome  17  in 
11  to  mammary  cell  lines  suppresses  tumori-  estrogen-transformed  MCF-1  OF  cells.  However, 
genicitv  in  athymic  mice79.  Several  genes,  such  we  have  used  a  small  number  of  markers,  and 
as  HRAs,  CTSD,  ILK,  TSG101  and  KI1,  have  the  possibility  that  LOH  might  be  located  at 
been  reported  to  be  located  on  the  short  arm  sites  not  yet  tested  cannot  be  ruled  out. 
of  chromosome  ll3344-^.  A  region  of  Therefore,  the  study  of  allelic  imbalances  at 
deletion  on  llq22-23  has  been  described  on  17q  and  17p,  as  well  as  in  chromosome 
the  long  arm  of  chromosome  11  in  40-60%  of  1699-"3-116  in  estrogen-transformed  HBEC  must 
breast  tumors3,■37~39m^"i■m,.  The  ataxia  telangi-  be  carried  out  to  provide  further  under¬ 
ectasia  susceptibility  gene  (ATM)  is  the  most  standing  of  the  functional  involvement  of 
widely  studied  candidate  gene  in  this  region89.  these  chromosomes  in  the  process  of  cell 
ATM  may  act  upstream  of  the  TP53  gene  in  transformation  by  1  /(3-estradiol  and  DES. 
cell  cycle  regulation90-91  and  its  heterozygous  The  observations  that  17(l-estradio1,  DES 
mutation  is  associated  with  a  high  incidence  of  and  BP  induce  similar  phenotypical,  but 
early-onset  breast  cancer.  This  region  has  been  different  genomic,  alterations  requires  further 
reported  to  contain  several  tumor  suppressor  investigation  in  order  to  elucidate  the 
;  genes  and  genes  involved  in  the  metastatic  significance  of  the  timing  of  the  appearance  of 

process.  In  this  latter  group,  the  MMP  genes  each  type  of  change  .with  regards  to  cancer 
encoding  matrix  metalloproteases  involved  in  initiation  and  progression.  There  are  several 
invasion,  ETS1  encoding  a  transcription  factor  probable  avenues  for  explaining  these 
involved  in  angiogenesis,  and  VACM-1  discrepancies.  In  this  model,  phenotypic 
encoding  a  protein  probably  involved  in  cell  changes  were  induced  by  both  estrogens  and 
cycle  regulation,  have  been  identified92,  the  chemical  carcinogen  as  an  early  event, 

■■  Although  some  of  these  genes  might  be  whereas  LOH  wras  a  rare  event  that  was 

affected  during  the  transformation  of  HBEC  manifested  in  different  chromosomes  and  m 
induced  by  estrogens,  a  more  detailed  only  a  few  clones  derived  from  estradiol-  and 
allelotypingusing  multiple  markers  is  required  DES-treated  cells.  The  rarity  of  the  phenpm-. 
1"  for  better '^definition  of  the  significance  of  enon  is  in  agreement  with  the  low  frequency  of 

i  LOH  in  these  cells.  LOH  Observed  in  BP-transformed  cells,  in 

Approximately  35%  of  breast  cancers  show  which  the  phenomenon  was  manifested  at  a 
:  LOH  at  the  DliS29  and  NCAM  loci93,  and  a  more  advanced  stage  of  neoplastic  progres- 
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Sporadic  breast  cancer,  the  most  common  cancer 
diagnosed  in  American  and  Northern  European 
women,  is  gradually  increasing  in  incidence  in 
most  Western  countries.  Prevention  would  be  the 
most  efficient  way  of  eradicating  this  disease.  This 
goal,  however,  cannot  be  accomplished  until  the 
specific  agent(s)  or  mechanisms  that  initiate  the 
neoplastic  process  are  identified.  Experimental 
studies  have  demonstrated  that  mammary  cancer  is 
a  hormone-dependent  multistep  process  that  can 
be  induced  by  a  variety  of  compounds  and  mech¬ 
anisms,  that  is,  hormones,  chemicals,  radiation, 
and  viruses,  in  addition  to  or  in  combination  with 
genetic  factors.  Although  estrogens  have  been 
shown  to  play  a  central  role  in  breast  cancer  de¬ 
velopment,  their  carcinogenicity  on  human  breast 
epithelial  cells  (HBECs)  has  not  yet  been  clearly 
demonstrated.  Breast  cancer  initiates  in  the  undif¬ 
ferentiated  lobules  type  1 ,  which  are  composed  of 
three  cell  types:  highly  proliferating  cells  that  are 
estrogen-receptor  negative  (ER-),  nonproliferating 
cells  that  are  ER  positive  (ER+),  and  very  few 
(<1%)  ER+  cells  that  proliferate.  Interestingly,  en¬ 
dogenous  1 7|3-estradiol  (E2)  is  metabolized  by  the 
cytochrome  P450  enzyme  isoforms  CYP1A1  and 


CYP1B1,  which  also  activate  benzofa] pyrene 
(B[a]P),  a  carcinogen  contained  in  cigarette 
smoke.  We  postulate  that  if  estrogens  are  carcino¬ 
genic  in  HBECs,  they  should  induce  the  same  trans¬ 
formation  phenotypes  induced  by  chemical  carcin¬ 
ogens  and  ultimately  genomic  changes  observed 
in  spontaneously  developing  primary  breast  can¬ 
cers.  To  test  this  hypothesis  we  compared  the  trans¬ 
forming  potential  of  E2  on  the  HBEC  MCF-1  OF  with 
that  of  B[a]P.  Both  E2  and  B[a]P  induced  anchor¬ 
age-independent  growth,  colony  formation  in  agar 
methocel,  and  loss  of  ductulogenic  capacity  in  col¬ 
lagen  gel,  all  parameters  indicative  of  cell  transfor¬ 
mation.  In  addition,  the  DNA  of  E2-transformed 
cells  expressed  LOH  in  chromosome  1 1  at 
llq23.3,  1 1  q24.2-q25,  and  LOH  at  13ql2- 
q  1 3 .  B[a]P-induced  cell  transformation  was  also 
associated  with  LOH  at  1 3q  1 2— q  1 3  and  at 
1 7pl  3.2.  The  relevance  of  these  findings  is  high¬ 
lighted  by  the  observation  that  E2-  and  B[a]P-induced 
genomic  alterations  in  the  same  loci  found  in  ductal 
hyperplasia,  ductal  carcinoma  in  situ,  and  invasive 
ductal  carcinoma  of  the  breast.  Environ.  Mol.  Muta¬ 
gen.  39:254-263,  2002.  ©  2002  Wiley-Liss,  Inc. 
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cinogens 


INTRODUCTION 

Breast  cancer  is  the  most  frequently  diagnosed  malig¬ 
nancy  in  American  women,  with  182,800  cases  detected  and 
40,800  deaths  in  the  United  States  during  the  year  2000 
[Greenlee  et  al.,  2000].  Epidemiological  and  clinical  evi¬ 
dence  indicate  that  breast  cancer  risk  is  associated  with 
prolonged  exposure  to  female  ovarian  hormones  [Bernstein 
and  Ross,  1993;  Kelsey  et  al.,  1993;  Pike  et  al.,  1993; 
Greenlee  et  al.,  2000].  Breast  cancer  is  a  hormone-  and 
sex-dependent  malignancy  whose  development  is  influ¬ 
enced  by  a  myriad  of  hormones  and  growth  factors  [Topper 
et  al.,  1986;  Henderson  et  al.,  1988].  Estrogens  have  been 
demonstrated  to  be  of  essential  importance  in  this  disease 
because  it  is  observed  in  postmenopausal  hyperestrogenism 
resulting  from  the  use  of  estrogenic  hormone  replacement 
therapy  and  obesity  [Lippman  et  al.,  1986;  Russo  et  al., 
2000].  Estrogens,  which  are  necessary  for  the  normal  de¬ 
velopment  of  both  reproductive  and  nonreproductive  or¬ 


gans,  exert  their  physiological  effects  by  binding  to  their 
specific  receptors,  the  estrogen  receptors  ERa  or  ER(3. 
Estrogens  might  act  as  well  through  alternate  nonreceptor 
mediated  pathways  [Chen  et  al.,  2000].  Passive  and  active 
exposure  to  tobacco  smoke,  which  contains  benzo[a]pyrene 
(B[a]P),  is  also  considered  an  etiologic  factor  for  breast 
cancer  [Bennett  et  al.,  2000;  Wells,  2000].  The  link  between 
17(3-estradiol  (E2)  and  B[a]P  is  that  both  are  metabolically 
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activated  by  xenobiotic  metabolizing  enzymes  such  as  those 
of  the  cytochrome  P450  family,  which  have  been  identified 
in  lung  and  breast  tissues  [Hellmold,  1998]. 

Enzymatic  activation  of  carcinogens  yields  intermediate 
metabolites  that  are  chemically  more  reactive  than  the  initial 
compound  [Hellmold,  1998;  Bennett  et  al.,  2000;  Cavalieri 
et  al.,  2000].  These  enzymes  contribute  to  polycyclic  aro¬ 
matic  hydrocarbon  (PAH)-dependent  carcinogenesis  by 
promoting  production  of  DNA-reactive  intermediates,  such 
as  diol  epoxides  [Hellmold,  1998;  Cavalieri  et  al.,  2000; 
Russo  et  al.,  2000].  Among  the  P450  isoforms,  it  is  known 
that  both  human  and  rat  CYP1A1  metabolize  endogenous 
E2  and  also  activate  the  carcinogen  B[a]P.  Another  isoform, 
CYP1B1,  metabolizes  estradiol  to  its  carcinogenic  metabo¬ 
lite  4-hydroxyestradiol  and  activates  the  polycyclic  hydro¬ 
carbon  7,12-dimethylbenz[a]anthracene  (DMBA).  In  addi¬ 
tion,  these  two  isoforms  also  activate  other  PAHs  and 
heterocyclic  amines  [Hellmold,  1998;  Jefcoate  et  al.,  2000]. 
Other  mechanisms  that  have  been  reported  to  play  a  role  in 
determining  the  carcinogenic  potential  are  alterations  in  the 
detoxification  of  carcinogenic  compounds,  which  are  medi¬ 
ated  by  the  conjugation  of  the  compounds  or  their  metabo¬ 
lites  to  glutathione  by  glutathione  5-transferase  (GST). 
GSTs  are  class  II  detoxification  enzymes  that  are  encoded 
by  four  classes  of  polymorphic  genes  [Bennett  et  al.,  2000]. 

Breast  cancers  exhibit  genomic  alterations,  such  as  DNA 
amplification  and  loss  of  genetic  material,  that  may  repre¬ 
sent  tumor-suppressor  genes  [Chen  etal.,  1989,  1992,  1994; 
Genuardi  et  al.,  1989;  Sato  et  al.,  1991,  1992,  1994;  Russo 
et  al.,  1993a, b;  Calaf  et  al.,  1995],  although  the  role  of  these 
genomic  alterations  in  the  causation  of  the  disease  has  not 
yet  been  clearly  established.  Specific  types  of  genetic  alter¬ 
ations,  then,  might  identify  essential  steps  in  the  initiation 
and/or  progression  of  cancer.  We  postulate  that,  if  estrogens 
and  chemical  carcinogens  such  as  B[a]P  initiate  the  neo¬ 
plastic  process  or  are  responsible  for  its  progression,  they 
would  induce  in  the  normal  breast  epithelium  the  same  type 
of  genomic  alterations  observed  in  spontaneous  malignan¬ 
cies.  To  test  this  hypothesis  we  evaluated  the  transforming 
potential  of  E2  and  B[a]P  on  human  breast  epithelial  cells 
(HBECs)  in  vitro,  utilizing  the  spontaneously  immortalized 
HBEC  MCF-10F  [Soule  et  al,  1990;  Tait  et  al.,  1990].  This 
cell  line  lacks  both  ERa  and  ERp,  although  this  latter 
receptor  is  induced  in  cells  transformed  by  chemical  carcin¬ 
ogens  [Hu  et  al.,  1998].  The  same  phenotypes  and  charac¬ 
teristics  that  were  expressed  by  MCF-10F  cells  transformed 
by  the  chemical  carcinogens  and  oncogenes  [Calaf  and 
Russo,  1993;  Russo  et  al.,  1993a;  Calaf  et  al.,  1995]  were 
evaluated  in  E2-  and  B[a]P-treated  cells:  anchorage-inde¬ 
pendent  growth,  colony  formation  in  agar  methocel,  and 
ductulogenic  capacity  in  collagen  gel.  In  addition,  the  DNA 
of  treated  cells  was  analyzed  for  specific  genomic  alter¬ 
ations  such  as  loss  of  heterozygosity  (LOH)  at  chromosomal 
loci  known  to  be  affected  in  spontaneously  occurring  breast 
lesions,  such  as  ductal  hyperplasia,  ductal  carcinoma  in  situ, 


and  invasive  carcinoma  [Theillet  et  al.,  1986,  1990;  Mackay 
et  al.,  1988;  Takita  et  al.,  1992;  Winqvist  et  al.,  1993,  1995; 
Carter  et  al.,  1994;  Chen  et  al.,  1994;  Bergthorsson  et  al., 
1995;  Gudmundsson  et  al,  1995;  Negrini  et  al.,  1995a, 
1996;  Kerangueven  et  al.,  1996;  Man  et  al.,  1996;  Koreth  et 
al.,  1997;  Pandis  et  al.,  1997]. 

THE  TARGET  CELL  OF  MAMMARY 
CARCINOGENESIS 

The  breast  is  a  hormone-responsive  organ  par  excellence. 
Its  development  is  influenced  by  a  myriad  of  hormones  and 
growth  factors,  responding  selectively  to  given  hormonal 
stimuli  with  either  cell  proliferation  or  differentiation. 
Among  all  the  complex  hormonal  influences,  estrogens  are 
considered  to  play  a  major  role  in  promoting  the  prolifera¬ 
tion  of  both  the  normal  and  the  neoplastic  breast  epithelium. 
In  humans,  the  highest  level  of  cell  proliferation  is  observed 
in  the  undifferentiated  lobules  type  1  (Lob  1)  present  in  the 
breast  of  young  nulliparous  females  [Russo  et  al.,  2000]. 
The  progressive  differentiation  of  Lob  1  into  Lob  2  and  Lob 
3,  occurring  under  the  hormonal  influences  of  the  menstrual 
cycle,  and  the  full  differentiation  into  Lob  4,  as  the  result  of 
pregnancy,  lead  to  a  concomitant  reduction  in  the  prolifer¬ 
ative  activity  of  the  mammary  epithelium  [Russo  et  al., 
2000].  Of  interest  is  the  fact  that  the  content  of  ERa  and 
PgR  in  the  lobular  structures  of  the  breast  is  directly  pro¬ 
portional  to  the  rate  of  cell  proliferation.  These  three  pa¬ 
rameters  are  maximal  in  the  undifferentiated  Lob  1,  decreas¬ 
ing  progressively  in  Lob  2,  Lob  3,  and  Lob  4.  ERa-  and 
PgR-positive  cells  are  found  exclusively  in  the  epithelium; 
the  myoepithelium  and  the  stroma  are  totally  devoid  of 
steroid  receptor-containing  cells.  The  highest  number  of 
cells  positive  for  both  receptors  is  found  in  Lob  1,  decreas¬ 
ing  progressively  in  Lob  2  and  Lob  3  [Russo  et  al.,  2000]. 

To  clarify  the  relationship  between  steroid  receptor-pos¬ 
itive  cells  and  proliferating  cells  we  utilized  a  double- 
staining  procedure,  combining  in  the  same  tissue  section 
anti-Ki67  and  ERa,  Ki67  and  PgR,  or  ERa  and  PgR  anti¬ 
bodies.  It  was  found  that  a  higher  percentage  of  cells  reacted 
simultaneously  with  both  ERa  and  PgR,  appearing  purplish 
red  in  color,  whereas  the  number  of  cells  positive  for  both 
ERa  and  Ki67  or  PgR  and  Ki67  was  very  low.  The  highest 
percentage  of  ERa-,  PgR-,  and  Ki67-positive  cells  was 
observed  in  Lob  1.  The  percentages  of  Ki67-,  ERa-,  and 
PgR-positive  cells  were  reduced  in  Lob  2  and  became 
negligible  in  Lob  3.  The  utilization  of  a  double-labeling 
immunocytochemical  technique  has  allowed  us  to  demon¬ 
strate  that  the  expression  of  the  receptors  occurs  in  cells 
other  than  the  proliferating  cells,  confirming  results  reported 
by  others.  The  findings  that  proliferating  cells  are  different 
from  those  that  are  ERa-  and  PgR-positive  support  data 
indicating  that  estrogen  controls  cell  proliferation  by  an 
indirect  mechanism.  This  phenomenon  has  been  demon¬ 
strated  using  the  supernatant  of  estrogen-treated  ERa-pos- 
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itive  cells  that  stimulates  the  growth  of  ERa-negative  cell 
lines  in  culture.  The  same  phenomenon  has  been  shown  in 
vivo  in  nude  mice  bearing  ER-negative  breast  tumor  xeno¬ 
grafts.  ERa-positive  cells  treated  with  antiestrogens  secrete 
TGF(3  that  inhibits  the  proliferation  of  ERa-negative  cells. 
The  fact  that  the  highest  proliferative  activity  and  the  high¬ 
est  percentages  of  ERa-  and  PgR-positive  cells  are  present 
in  Lob  1  provides  a  mechanistic  explanation  for  the  higher 
susceptibility  of  these  structures  to  be  transformed  by  chem¬ 
ical  carcinogens  in  vitro,  supporting  as  well  the  observation 
that  Lob  1  is  the  site  of  origin  of  ductal  carcinomas  [Russo 
et  al.,  2000]. 

IN  VITRO  MODEL  OF  CELL  TRANSFORMATION 
General  Concepts 

It  is  generally  accepted  that  malignant  transformation 
involves  genetic  and  epigenetic  changes  that  derail  common 
regulatory  mechanisms,  resulting  in  uncontrolled  cellular 
proliferation  and/or  aberrant  programmed  cell  death  or  ap¬ 
optosis  [Russo  et  al.,  1988,  1993a,b,  1996,  1998;  Holliday, 
1996].  These  cellular  abnormalities,  hallmarks  of  a  carcino¬ 
genic  process,  are  frequently  associated  with  molecular 
alterations  involving  activation  of  protooncogenes  and  in¬ 
activation  of  tumor-suppressor  genes  as  a  result  of  genetic 
predisposition  and/or  exposure  to  physical  (e.g.,  radiation), 
chemical  (e.g.,  carcinogens,  dietary  components),  and  bio¬ 
logical  (e.g.,  viruses)  environmental  factors  [Briand  et  al., 
1987;  Russo  et  al.,  1988,  1993a, b,  1996,  1998;  Band  et  al., 
1990;  Bartek  et  al.,  1990;  Soule  et  al.,  1990;  Tait  et  al., 
1990;  Garcia  et  al.,  1991;  Calaf  and  Russo,  1993;  Couch 
1996;  Holliday,  1996;  Hu  et  al.,  1997].  A  central  challenge 
to  cancer  biology  is  the  understanding  of  the  cellular  and 
molecular  processes  that  drive  a  normal  human  breast  epi¬ 
thelial  cell  to  neoplastic  growth.  In  vitro  models  have 
proven  to  be  useful  for  testing  whether  chemical  carcino¬ 
gens  can  be  causative  agents  of  breast  cancer  and  whether 
genomic  changes  play  a  functional  role  in  the  initiation  and 
progression  of  this  disease.  HBECs  are  susceptible  to  un¬ 
dergoing  neoplastic  transformation  when  treated  with  estro¬ 
gens  or  B[a]P.  Transformation  of  HBECs  in  vitro,  however, 
requires  that  specific  conditions  be  met  by  the  target  cells, 
similar  to  what  has  been  observed  in  in  vivo  experimental 
models  [Russo  et  al.,  1993a,b,  1996].  Only  under  optimal 
conditions  of  susceptibility  will  specific  carcinogens  initiate 
a  cascade  of  changes  in  HBECs  that  recapitulate  the  phe¬ 
notypic  stages  of  tumor  initiation  and  progression,  culmi¬ 
nating  in  the  expression  of  tumorigenesis  in  a  heterologous 
host  [Calaf  and  Russo,  1993]. 

Transformation  of  Breast  Epithelial  Cells 

Normal  HBECs  senesce  after  10-20  passages  in  vitro 
when  cultured  in  standard  culture  medium  containing  1.05 


mM  calcium  (Ca++)  [Soule  et  al.,  1990;  Tait  et  al.,  1990]. 
We  have  developed  an  in  vitro  system  that  has  allowed  us  to 
determine  that  the  ability  of  HBECs  to  grow  in  culture 
greatly  reflects  their  in  vivo  characteristics,  that  is,  the 
degree  of  lobular  development  of  the  breast  tissues  from 
which  they  were  obtained.  Lobular  development,  which  in 
turn  determines  the  epithelium’s  rate  of  proliferation,  is  the 
final  result  of  life-time  influences,  such  as  aging,  endocrine, 
reproductive,  and  environmental  factors  [Russo  et  al.,  1988, 
1996].  These  characteristics  influence  as  well  the  response 
of  the  cells  to  the  transforming  potential  of  chemical  car¬ 
cinogens  known  to  be  of  etiologic  importance  in  various 
experimental  models  of  mammary  cancer  [Russo  et  al., 
1993a, b].  When  primary  cultures  of  HBECs  obtained  from 
Lob  1,  which  represent  the  most  undifferentiated  structure 
present  in  the  breast  of  young  nulliparous  females,  and  from 
the  more  differentiated  Lob  3  of  parous  women  were  placed 
in  culture,  it  was  observed  that  cells  obtained  from  Lob  1 
retained  in  vitro  a  higher  rate  of  cell  proliferation  and 
exhibited  greater  survival  efficiency  than  cells  obtained 
from  Lob  3  [Russo  et  al.,  1988,  1993a, b,  1996]. 

Treatment  of  the  cells  with  the  chemical  carcinogens 
7,12-dimethylbenz[a]anthracene  (DMBA),  l-methyl-3-ni- 
tro-l-nitroso-guanidine  (MNNG),  A-methyl-A-nitrosourea 
(NMU),  or  B[a]P  increased  survival  efficiency  in  cells  from 
Lob  1,  but  full  transformation  was  not  achieved.  These 
results  indicated  that  the  susceptibility  of  HBECs  in  vitro 
was  influenced  by  the  differentiation  status  of  the  breast  in 
vivo  [Russo  et  al.,  1988,  1993a].  However,  the  fact  that 
primary  cell  cultures  only  expressed  increased  survival  ef¬ 
ficiency,  an  early  phenotypic  marker  of  neoplastic  transfor¬ 
mation,  indicated  that  further  elucidation  of  the  conditions 
required  for  inducing  cell  transformation  with  chemicals 
was  needed.  The  spontaneous  immortalization  of  the  HBEC 
line  MCF-10M,  derived  from  the  human  breast  tissue  sam¬ 
ple  number  130  (SI 30),  provided  such  conditions  [Soule  et 
al.,  1990;  Tait  et  al.,  1990].  After  2  years  of  continuous 
culture  of  the  mortal  MCF-10M  cells  in  medium  containing 
a  0.04  mM  Ca++  (low  Ca+  +  ),  they  spontaneously  gave  rise 
to  an  immortal  cell  line,  MCF-10,  which  grew  either  as 
attached  (MCF-10A)  or  as  floating  (MCF-10F)  cells  [Soule 
et  al.,  1990;  Tait  et  al.,  1990].  Immortalization  of  these  cells 
was  characterized  by  their  continuous  growth  in  culture 
medium  containing  the  conventional  1.05  mM  calcium  con¬ 
centration  (that  for  our  purposes  was  called  “high  Ca+  f 
medium’’)  without  entering  into  senescence  [Soule  et  al., 
1990;  Tait  et  al.,  1990].  The  analysis  of  the  growth  charac¬ 
teristics  of  these  primary  cells  and  the  cell  lines  derived 
from  them  revealed  that  the  growth  curves  of  MCF-10M, 
MCF-10A,  and  MCF-10F  cells  were  similar,  independent  of 
the  calcium  concentration  in  the  culture  medium.  Mortal 
MCF-10M  cells,  however,  were  unable  to  continue  growing 
in  high  Ca++  medium  after  the  20th  passage,  whereas  the 
immortal  cells  MCF-10A  and  MCF-10F  continued  growing 
indefinitely.  The  human  breast  epithelial  origin  of  the  mor- 
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tal  and  the  immortalized  cells  was  confirmed  by  their  ge¬ 
netic,  cytogenetic,  ultrastructural,  and  phenotypic  character¬ 
istics  [Soule  et  al.,  1990;  Tait  et  al.,  1990].  The  immortal 
MCF-10F  cells  were  identical  to  the  mortal  MCF-10M  cells 
from  which  they  were  derived  in  all  the  aspects  for  which 
they  were  evaluated.  The  only  difference  found  to  date  is  that 
MCF-10F  cells  are  pseudodiploid  and  express  minimal  chro¬ 
mosomal  alterations  (46XX,lp+,t[3;9][pl3:p22])  [Soule  et  al., 
1990;  Tait  et  al.,  1990;  Russo  et  al.,  1996]. 

Dose-Response  Effect  of  E2  in  HBECs 

To  determine  the  optimal  doses  for  the  expression  of  the 
cell  transformation  phenotype,  we  treated  the  immortalized 
HBEC  MCF-10  F  with  E2  for  testing  the  survival  efficiency 
(SE),  colony-forming  ability  in  agar  methocel,  or  colony 
efficiency  (CE)  and  loss  of  ductulogenesis  in  collagen  ma¬ 
trix.  MCF-10F  cells  were  treated  with  0.0,  0.007  nM,  70 
nM,  or  0.25  mM  of  E2  twice  a  week  for  2  weeks  [Russo  et 
al.,  2001].  The  SE  was  increased  with  0.007  and  70  nM  of 
E2  and  decreased  with  0.25  mM.  The  cells  treated  with 
either  doses  of  E2  formed  colonies  in  agar  methocel  that  did 
not  differ  in  size;  however,  the  CE  increased  from  0  in 
controls  to  6.1,  9.2,  and  8.7  with  increasing  E2  doses. 
Ductulogenesis,  or  the  number  of  ductules  per  10,000  cells 
plated,  was  75  ±  4.9  in  control  cells;  it  decreased  to  63.7  ± 

28.8,  41.3  ±  12.4,  and  17.8  ±  5.0  in  E2-treated  cells,  which 
also  formed  spherical-like  structures  or  solid  masses,  whose 
numbers  increased  from  0  in  controls  to  18.5  ±  6.7,  107  ± 

11.8,  and  130  ±  10.0  for  each  E2  dose. 

Estrogen  and  Chemical  Carcinogens  induce 
Transformation  Phenotypes 

Evaluation  of  colony  formation  at  the  end  of  the  second 
week  of  E2  and  B[a]P  treatment  revealed  that  MCF-10F 
cells  formed  colonies  in  agar  methocel  over  60  microns  in 
diameter.  MCF-10F  control  cells  treated  with  DMSO  did 
not  form  colonies.  The  total  CE  was  significantly  increased 
by  E2  and  B[a]P  (Figs.  1  and  2). 

Ductulogenesis  was  qualitatively  evaluated  by  estimating 
the  ability  of  the  cells  plated  in  collagen  to  form  ductular 
structures  (cells  lining  a  lumen).  It  was  maximal  in  MCF- 
10F  cells  (Fig.  3a)  and  completely  negative  (-)  in  B[a]P- 
treated  cells,  which  grew  as  a  solid  or  cystic  mass.  All  the 
cells  treated  with  E2  exhibited  decreased  ability  to  form 
ductules  (Fig.  3b-e).  Progesterone  did  not  significantly 
affect  the  ductulogenic  capacity.  The  collagen  matrix  em¬ 
bedded  in  paraffin  and  cross- sectioned  for  determination  of 
cell  morphology  showed  that  MCF-10F  cells  form  a  well- 
defined  ductule  lined  by  a  monolayer  of  cuboidal  epithelial 
cells  (Fig.  4a),  whereas  with  those  treated  with  E2,  the 
number  of  layers  increase  and  in  some  cases  the  whole 
lumen  is  obliterated  (Fig.  4b-d).  B[a]P  also  forms  structures 
similar  to  those  induced  by  estrogen,  whereas  the  ductules 
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Fig.  1.  Box  plot  showing  the  effect  of  different  compounds  on  MCF-10F 
cell  colony  efficiency  in  agar  methocel. 


Fig.  2.  MCF-10F  cells  plated  in  agar  methocel  for  colony  assay,  a: 
Control  cells  do  not  form  colonies,  only  isolated  cells  are  present,  b-d: 
Colonies  formed  by  E2-treated  MCF-10F  cells  at  the  doses  of  0.007  nM 
(b),  70  nM  (c),  and  1  p.g  (d).  e:  Progesterone-treated  cells,  f:  B[a]P-treated 
cells  induce  slightly  larger  colonies.  Phase-contrast  microscope:  4  X  mag¬ 
nification. 

formed  by  progesterone  treatment  are  smaller,  with  a  re¬ 
duced  luminal  size  lined  by  a  monolayer  of  cuboidal  epi¬ 
thelial  cells. 

Genomic  Changes  Induced  in  E2-Transformed  Cells 

From  the  E2-treated  cells,  six  clones  out  of  24  colonies 
were  expanded  and  maintained  in  culture.  These  clones, 
designated  E2-l  to  E2-6  (Table  I),  were  selected  for  genomic 
analysis.  DNA  fingerprint  analysis  of  parent  E2-  and  B[a]P- 
treated  cells  and  their  derived  clones  revealed  that  their 
allelic  pattern  was  identical  in  all  the  cell  lines  analyzed. 
These  results  confirmed  that  all  the  cells  tested  had  the  same 
HBEC  origin  and  that  they  were  free  of  contamination  from 
other  cell  lines  maintained  in  our  laboratory.  Among  67 
markers  tested,  which  were  selected  based  on  chromosomal 
changes  reported  to  be  present  in  breast  and  other  cancers, 
only  clones  E2-l  and  E2-2  identically  exhibited  LOH  in 
chromosome  11  at  llq23.3  (marker  D1 1S29)  and  llq24.2- 
q25  (marker  D11S912).  B[a]P-treated  cells  did  not  exhibit 
LOH  at  any  of  the  loci  tested  for  chromosome  11.  Interest¬ 
ingly,  we  have  found  that  all  the  clones  of  the  cells  trans- 


258 


Russo  et  al. 


Fig.  3.  a:  MCF  10F  cells  treated  with  solvent  (DMSO)  forming  well- 
defined  ductular  structures  in  collagen  matrix;  (b)  0.007  nM  of  E2  induces 
alteration  in  the  ductular  pattern;  (c,  d)  70  nM  of  E2  induces  the  loss  of 
ductular  formation  in  collagen  matrix;  (e,  f)  1  |xg  of  E2  or  B[a]P,  respec¬ 
tively,  induces  the  formation  of  spherical  masses  in  collagen  matrix. 
Phase-contrast  microscope:  10  X  magnification. 
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Fig.  4.  Histological  sections  of  cells  growing  in  collagen  gel.  The  cells 
have  been  fixed  in  buffered  formalin,  embedded  in  paraffin  and  the  sections 
stained  with  hematoxylin  and  eosin.  a:  MCF  10F  cells  treated  with  solvent 
(DMSO)  forming  well-defined  ductular  structures  lined  by  a  single  cuboi- 
dal  layer  of  cells;  (b)  0.007  nM  of  E2  induces  alteration  in  the  ductular 
pattern  forming  spherical  masses  lined  by  two  to  three  layers  of  cells;  (c) 
70  nM  of  E2  induces  the  loss  of  ductular  formation  in  collagen  matrix  and 
the  solid  spherical  masses  are  composed  of  large  cuboidal  cells;  (d)  1  |ig 
of  E2  or  B[a]P  induces  the  formation  of  spherical  masses  lined  by  multiple 
layers  of  cells.  Bright  field:  10  X  magnification. 


formed  with  either  E2  or  B[a]P  had  microsatellite  instability 
(MSI),  expressed  as  an  allelic  expansion  at  the  3p21  locus 
(marker  D3S1447)  (data  not  shown).  It  was  of  great  interest 
that  by  the  fourth  passage  after  four  treatments  during  a 
2- week  period,  clones  derived  from  E2-transformed  cells 
exhibited  LOH  in  chromosome  11.  It  was  previously  re¬ 
ported  that  both  arms  of  chromosome  11  contain  several 
regions  of  LOH  in  cancers  of  the  breast  and  of  other  organs, 
and  that  transfer  of  chromosome  1 1  to  mammary  cell  lines 
suppresses  tumorigenicity  in  athymic  mice  [Negrini  et  al., 
1995]. 

Several  genes,  such  as  HRAs,  CTSD ,  ILK,  TSG10J ,  and 


KI1  have  been  located  to  the  short  arm  of  chromosome  1 1 
[Theillet  et  al.,  1986;  Mackay  et  al.,  1988;  Puech  et  al., 
1991;  Borresen  et  al.,  1992;  Negrini  et  al.,  1994;  Dong  et  al., 
1995;  Hannigan  et  al.,  1997;  Wang  et  al.,  1997].  A  region  of 
deletion  on  1  lq22— 23  has  been  described  on  the  long  arm  of 
chromosome  1 1  in  40-60%  of  breast  tumors  [Carter  et  al., 
1994;  Hampton  et  al.,  1994;  Negrini  et  al.,  1995;  Winqvist 
et  al.,  1995;  Man  et  al.,  1996;  Hannigan  et  al.,  1997;  Koreth 
et  al.,  1997].  The  ataxia  telangiectasia  susceptibility  gene 
{ATM)  is  the  most  widely  studied  candidate  gene  in  this 
region  [Elson  et  al.,  1996].  ATM  may  act  upstream  of  the 
TP53  gene  in  cell  cycle  regulation  [Swift  et  al.,  1991; 
Westphal  et  al.,  1997],  and  its  heterozygous  mutation  is 
associated  with  a  high  incidence  of  early-onset  breast  can¬ 
cer.  This  region  has  been  reported  to  contain  several  tumor- 
suppressor  genes  and  genes  involved  in  the  metastatic  pro¬ 
cess.  In  this  latter  group,  the  MMP  genes  encoding  matrix 
metalloproteases  involved  in  invasion,  ETS1,  encoding  a 
transcription  factor  involved  in  angiogenesis,  and  VACM-I, 
encoding  a  protein  probably  involved  in  cell  cycle  regula¬ 
tion,  have  been  identified  [Swift  et  al.,  1991;  Byrd  et  al., 
1997].  Although  some  of  these  genes  might  be  affected 
during  the  transformation  of  HBECs  by  estrogens,  a  more 
detailed  allelotyping  using  multiple  markers  is  required  for 
better  defining  the  size  of  the  region  exhibiting  LOH  in 
these  cells.  Approximately  35%  of  breast  cancers  have  LOH 
at  the  D11S29  and  NCAM  loci  [Tomlinson  et  al.,  1996a], 
and  a  higher  frequency  of  LOH  at  this  locus  has  also  been 
found  in  melanomas  [Tomlinson  et  al.,  1996b].  LOH  has 
been  found  at  frequencies  of  25%  and  29%  at  the  distal 
D1IS968  (llqter)  and  D11S29  (llq23.3  locus),  slightly 
above  the  accepted  baseline  of  0-20%  in  colorectal  cancer. 
The  fact  that  breast  cancer,  melanoma,  and  colorectal  cancer 
are  influenced  by  estrogens  [Connolly  et  al.,  1999]  gives 
relevance  to  our  data  that  treatment  of  MCF- 1  OF  cells  with 
estrogens  induces  LOH  in  this  specific  locus.  LOH  at 
llq23-qter  occurs  frequently  in  ovarian  and  other  cancers 
[Dahiva  et  al.,  1997;  Launonen  et  al.,  1998]. 

Genomic  Changes  Induced  in  Chemically 
Transformed  Cells 

We  utilized  DNA  amplification  of  microsatellite  length 
polymorphisms  for  detecting  whether  either  allelic  loss  or 
microsatellite  instability  was  present  in  MCF-10M,  MCF- 
10F,  BP1,  BP  IE,  D3,  and  D3-1  cells  at  different  passages 
[Huang  et  al.,  1999;  Yang  et  al.,  1999].  Of  all  the  cell  lines 
and  clones  tested,  only  BP  IE  cells  exhibited  LOH  in  chro¬ 
mosome  17pl3,  which  was  detected  first  with  the  PI44D6 
marker  [Wu  et  al.,  1997;  Russo  et  al.,  1998]  and  later  on 
narrowed  using  the  marker  D17S796  [Lareef  et  al.,  2001]. 

The  expression  of  transformation  phenotypes  was  pre¬ 
ceded  by  microsatellite  instability,  as  revealed  by  the  ob¬ 
servation  that  the  transformed  BP  l  and  BP  IE  cells,  which 
expressed  anchorage  independence,  loss  of  ductule-like  for- 
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TABLE  I.  Phenotypic  Markers  of  Cell  Transformation  Induced  in  MCF-10F  Cells  by  17p-Estradiol  (E2)  and 
Benzo[a]pyrene  (B[a]P) _ 


Cell  type 

No.  of 
passages 

Doubling  time 
(DT)a 

Colony  number 
(CN)b 

Colony  efficiency 
(%)  (CE)C 

Colony  size 
(CS)  (|J-m)d 

MCF-10F 

113 

93  ±  5.6 

0.0 

0.0 

0.0 

B[a]P-derived 

4 

42  ±  3.8 

89 

18  ±4.5 

670  ±  46 

E2-derived 

4 

78  ±  16.0 

24e 

4.8  ±  0.9 

170  ±  34 

E2-lf 

4 

81  ±  3.0 

36 

7.2  ±  3.7 

180  ±  12 

Er2f 

4 

68  ±  10 

45 

9.0  ±  2.0 

150  ±6 

Ej-3 

5 

66  ±  8.0 

39 

7.9  ±  5.6 

190  ±9 

E2-4 

3 

82  ±  6.0 

20 

3.5  ±  1.1 

134  ±  5 

E2-5 

6 

61  ±  5.6 

63 

12.6  ±  3.0 

193  ±  12 

Ej-6 

4 

73  ±  3.0 

54 

10.8  ±  4.9 

189  ±5 

aDoubling  time  (DT)  in  hr  (expressed  as  mean  ±  SD)  was  determined  as  described  in  Calaf  and  Russo  [1993].  DT  was  significantly  different  by  Students’ 
t-test  between  B[a]P-treated  and  all  other  cell  lines  (P  <  0.001). 

bColony  number  (CN)  was  significantly  different  between  MCF-10F  and  all  other  cell  lines  (P  =  0.00001). 

cColony  efficiency  (CE)  (expressed  as  mean  ±  SD)  was  significantly  different  between  MCF-10F  and  all  other  cell  lines  (P  =  0.00001). 
dColony  size  (CS)  (expressed  as  mean  ±  SD)  was  significantly  different  between  MCF-10F  and  all  other  cell  lines  (P  =  0.00001).  CS  of  DES  clones 
was  significantly  different  from  E2-  and  B  [a]P-treated  cells  (P  =  0.001). 

eFrom  24  colonies  derived  from  Entreated  cells,  clones  E2-l,  E2-2,  E2-3,  E2-4,  E2-5,  and  E2-6  were  recovered  and  expanded. 
fThese  cells  have  been  used  for  detection  of  microsatellite  DNA  polymorphism. 


mation  in  collagen  gel,  and  increased  chemotactic  and  in¬ 
vasive  properties,  also  expressed  MSI  on  chromosome  1 1  at 
loci  represented  by  D11S912  at  q25  and  on  chromosome  13 
at  13ql2— 13  (flanking  the  BRCA2  locus),  as  detected  with 
markers  D13S260  and  D13S289  [Huang  et  al.,  1999].  MSI 
in  chromosome  11  at  1  lpl3  and  chromosome  17  at  17pl3.3 
and  17pl3.1  was  also  present,  although  they  were  retained 
from  the  parent  immortalized  MCF-10F  cells,  as  was  a 
variant  band  in  one  of  the  heterozygous  alleles  of  TP53  of 
MCF-10F  cells,  which  was  detected  using  single-strand 
conformational  polymorphism  [Huang  et  al.,  1999].  D3  and 
D3-1  cells,  which  expressed  an  early  stage  of  transformed 
phenotype  equivalent  to  that  of  the  BP1  cells,  also  exhibited 
MSI  at  locus  D13S260  on  chromosome  13ql2— 13  [Huang  et 
al.,  1999]  and  in  D16S285  on  chromosome  16ql2.1  [Wu  et 
al.,  1997].  D3  and  D3-1  cells  did  not  exhibit  as  many 
genetic  alterations  as  the  B[a]P-derived  cell  lines  [Huang  et 
al.,  1999].  Neoplastic  progression  was  also  associated  with 
mutations  and/or  amplification  of  c-H-ras ,  int-2,  c-neu ,  c- 
myc,  and  MDM2  genes  [Wu  et  al.,  1997;  Russo  et  al.,  1998], 
in  addition  to  MSI  at  llq25  and  13ql2-ql3  and  LOH  at 
17pl3.2.  Detection  of  MSI  in  our  in  vitro  model  served  as 
an  indicator  of  the  progression  of  normal  HBECs  from 
immortalization  to  transformation,  a  phenomenon  initiated 
and  driven  by  the  carcinogen.  The  relevance  of  these  find¬ 
ings  is  highlighted  by  the  observation  that  the  loci  in  which 
MSI  and  LOH  were  detected  in  the  HBECs  transformed 
with  chemical  carcinogens  are  the  same  that  are  found  in 
primary  breast  cancers,  as  described  below. 

Genomic  Changes  in  Human  Breast  Lesions 

Microsatellites,  which  are  short,  repetitive  sequences  of 
DNA  scattered  throughout  the  genome  [Weber  and  May, 


1989;  Boyer  et  al.,  1995]  have  been  used  to  detect  genomic 
alterations  in  various  human  cancers  through  the  identifica¬ 
tion  of  LOH  or  MSI  [Ionov  et  al.,  1993;  Wooster  et  al., 
1994].  Studies  using  this  approach  provided  direct  evidence 
for  the  involvement  of  chromosome  13  in  human  breast 
carcinomas  and  led  to  the  identification  of  the  well-known 
tumor-suppressor  gene  RBI  (13ql4)  and  breast  cancer  sus¬ 
ceptibility  gene  BRCA2  (13ql2— 13)  [Wooster  et  al.,  1998]. 
We  previously  observed  MSI  at  the  chromosomal  regions 
13ql2— 13,  llq25,  and  16ql2.1  in  the  early  stages  of  chem¬ 
ical  transformation  of  HBECs  [Wu  et  al.,  1997;  Huang  et 
al.,  1999].  We  tested  the  hypothesis  that,  if  MSI  represents 
an  early  event  in  breast  carcinogenesis  in  vivo,  a  relation¬ 
ship  exists  between  micro  satellite  alteration  and  the  pro¬ 
gression  of  cancer.  Thus,  we  performed  polymorphic  stud¬ 
ies  on  ductal  carcinoma  in  situ  (DCIS)  of  the  breast  using 
three  microsatellite  DNA  polymorphic  markers,  D13S289, 
D13S260,  and  D13S267,  that  flank  the  BRCA2  region  at 
13ql2— 13. 

Paraffin-embedded  breast  tumors  were  obtained  from  the 
patient  sample  depository  at  the  Breast  Cancer  Research 
Laboratory,  Fox  Chase  Cancer  Center  (Philadelphia,  PA). 
Microscopically  identifiable  populations  of  epithelial  cells 
from  normal  ducts  and  DCIS  were  collected  by  microdis¬ 
section  from  10  p,m- thick  serial  paraffin  sections  [Aldaz  et 
al.,  1995;  Radford  et  al.,  1995].  Paraffin  sections  were 
deparaffinized  with  xylene,  rehydrated,  and  digested  with 
0. 15  p,g  of  proteinase  K  followed  by  organic  extraction.  The 
DNA  was  precipitated  with  ethanol,  resuspended  in  TE,  and 
stored  at  4°C  until  use.  Microsatellite  DNA  was  amplified 
by  PCR  [Huang  et  al.,  1999].  MSI  was  defined  as  an 
increase  or  decrease  in  the  number  of  bands  and/or  in  the 
size  of  one  or  both  alleles  in  relation  to  the  normal  alleles 
[Aaltone  et  al.,  1993;  Thibodeau  et  al.,  1993].  Of  35  infor- 
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TABLE  II.  Expression  of  Microsatellite  Instability  (MSI)  in  Human  Breast  Epithelial  Cells  Treated  With  Chemical 
Carcinogens  in  Vitro 


Sites  of  MSI 

Cell  line 

MCF-10M 

MCF-10F 

BP1 

BP1-E 

D3 

D3-1 

Marker  (locus) 

D11S1392 

Dll  SI  392 

Dll  SI  392 

(1 1  pl  3) 

(11  pi  3) 

(1 1  pi  3) 

Marker  (locus) 

D11S912 

D11S912 

(1 lq25) 

(llq25) 

Marker  (locus) 

D13S260 

D13S260 

D13S260 

( 1 3q 1 2—1 3) 

( 1 3q I 2—1 3) 

( 1 3q 1 2—1 3) 

Marker  (locus) 

D13S289 

( 1 3q 1 2—13) 

Marker  (locus) 

D17S849 

D17S849 

D17S849 

D17S849 

D17S849 

(1 7pl  3.3) 

(17pl3.3) 

( 1 7pl  3.3) 

( 1 7pl  3.3) 

( 1 7p  1 3.3) 

Marker  (locus) 

DJ7S796 

D17S796 

D17S796 

D17S796 

D17S796 

( 1 7pl  3.1) 

( 1 7p  13.1) 

(17pl3.1) 

( 1 7p  1 3. 1 ) 

(17pl3.1) 

Marker  (locus) 

DI7S513 

D17S513 

D17S513 

D17S513 

D17S513 

( 1 7p  13.1) 

( 1 7p  1 3.1) 

(17pl3.1) 

(17pl3.1) 

(1 7p  13.1) 

Marker  (locus) 

Tp53 

Tp53 

Tp53 

Tp53 

Tp53 

(17pl3.1) 

(17pl3.1) 

( 1 7pl  3.1) 

( 1 7p  1 3.1) 

( 1 7p  13.1) 

Marker  (locus) 

D17S786 

D17S786 

D17S786 

D17S786 

D17S786 

( 1 7p  1 3.1) 

07P13.1) 

(1 7pl  3.1) 

( 1 7  p  1 3 . 1 ) 

( 1 7p  1 3.1) 

mative  DCIS,  MSI  was  found  to  be  present  in  5  (14%)  and 
LOH  in  4  (11%)  of  the  cases  with  marker  D13S260.  At 
locus  D13S267,  which  is  more  distal  to  D13S260,  MSI  was 
seen  in  3  (9%)  and  LOH  in  8  (24%)  of  a  total  of  33 
informative  cases.  Marker  D 13S289,  the  most  distal  of  those 
flanking  the  BRCA2  locus  had  23  informative  cases,  5  of 
which  were  affected  by  MSI  (22%)  and  2  by  LOH  (9%) 
(Table  II).  Nine  (30%)  of  these  cases  exhibited  MSI  and 
LOH  at  loci  DJ3S260 ,  9  (26%)  at  D13S267 ,  and  7  (30%)  at 
DJ3S289,  indicating  that  these  three  markers  reflected  ap¬ 
proximately  the  same  incidence  of  genomic  alterations  at 
the  BRCA2  region. 

The  application  of  microsatellite  DNA  polymorphic  anal¬ 
ysis  provided  evidence  that  MSI  and  LOH  in  chromosomal 
region  13ql2-33  are  associated  with  the  development  of 
preinvasive  breast  cancers,  thus  indicating  the  involvement 
of  DNA  repair  defects  and/or  gene  inactivation  in  breast 
carcinogenesis.  To  further  test  the  pattern  of  expression  of 
genomic  changes  in  the  progression  of  breast  cancer,  we 
performed  microsatellite  polymorphism  analysis  in  genomic 
DNA  extracted  by  microdissection  from  breast  tissues  of  21 
breast  cancer  patients  that  contained  three  different  types  of 
breast  lesions:  ductal  hyperplasia  (DHP),  DCIS,  and  inva¬ 
sive  ductal  carcinoma  (INV)  (Table  III).  We  analyzed  spe¬ 
cific  loci  on  chromosomes  11,  13,  16,  and  17  using  an  array 
of  7  markers,  DUS912 ,  DJ1S940 ,  D13S260,  D13S289 . 
D13S267,  D16S285,  and  D17S855.  Among  these  markers, 
D11S912  showed  MSI  in  10/19  (53%)  of  all  samples  in¬ 
cluding  2/8  of  the  preneoplastic  lesion  DHP,  8/15  DCIS, 
and  3/5  of  INV  (Table  III).  MSI  was  detected  in  chromo¬ 
some  13  with  marker  D13S260  in  5/16  (31%)  DCIS  and  3/4 
(75%)  INV  (Table  III),  but  was  absent  in  DHP,  suggesting 
a  correlation  with  the  progression  of  the  disease,  and  con- 


TABLE  III.  Microsatellite  Instability  (MSI)  and  Loss  of 
Heterozygosity  (LOH)  in  Ductal  Carcinoma  in  Situ  of  the 
Breast 


Marker 

Map 

Position 

Total 

cases11 

MSI 

(%) 

LOH 

(%) 

MSI  and 
LOH  (%) 

D13S260 

1 3q  1 2—1 3 

35 

5(14) 

4(11) 

9(26) 

D13S267 

1 3q 1 2— 1 3 

33 

3(9) 

8(24) 

1 1  (33) 

D13S289 

1 3ql 2—1 3 

23 

5  (22) 

2(9) 

7  (30) 

“Includes  both  informative  and  uninformative  cases. 


sistent  with  its  alteration  in  more  advances  phases  of  in  vitro 
transformation,  such  as  in  BP  IE  cells.  In  addition,  the  high 
MSI  incidence  in  all  samples  for  markers  D11S912  (53%), 
DJ3S260  (23%),  D13S289  (36%),  and  D13S267  (45%), 
compared  to  lower  rates  of  D1 1S940  (10%),  D16S285  (6%), 
and  DI7S855  (9%),  may  suggest  that  instability  preferen¬ 
tially  occurs  in  specific  loci  during  breast  carcinogenesis, 
also  in  good  agreement  with  the  data  from  the  transformed 
HBEC  system  (except  for  DI3S267). 

In  conclusion,  the  observation  that  E2,  B[a]P,  and  other 
chemical  carcinogens  induce  similar  phenotypic  changes, 
but  different  genomic  alterations  in  vitro,  could  be  an  indi¬ 
cation  of  different  genomic  pathways  for  transformation. 
Interestingly,  the  data  show  that  in  both  cases  the  genomic 
alterations  detected  are  the  ones  that  are  also  observed  in 
breast  lesions.  These  observations  support  the  premise  that 
substances  that  are  carcinogenic  to  the  HBECs  and  respon¬ 
sible  for  the  initiation  of  the  neoplastic  process  induce  the 
same  type  of  genomic  alterations  in  the  normal  breast  epi¬ 
thelium  that  are  observed  in  spontaneous  malignancies. 
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TABLE  IV.  Microsatellite  Instability  (MSI)  and  Loss  of  Heterozygosity  (LOH)  in  Ductal  Hyperplasia  (DHP),  Ductal 
Carcinoma  in  Situ  (DCIS),  and  Invasive  Carcinoma  (INV) _ 


Marker 

Map  Position 

Histopathological  type  of  breast  lesions 

DHPa 

DCIS” 

INVC 

MSI 

LOH 

MSI 

LOH 

MSI 

LOH 

Int2 

1  lql3.3 

2/24  (8.3) 

0/24  (0) 

4/35(11.4) 

2/35  (5.7) 

2/14  (14.3) 

0/14  (0) 

D11S614 

1  lq21— 23.3 

2/33  (6.1) 

0/30  (0) 

3/38  (7.9) 

0/38  (0) 

2/16(12.5) 

0/16  (0) 

D11S912 

llq25 

3/37  (5.4)b 

1/33  (3.03)c 

15/54  (27.8)b 

5/54  (9.2)c 

3/22  (13.6)b 

8/22  (36.4)c 

D11S940 

1  lq21— 23.3 

1/27  (3.7) 

0/37  (0) 

2/39  (5.1) 

1/39  (2.6) 

2/16  (12.5) 

0/16  (0) 

D13S260 

13ql2— 13 

0/14  (0) 

0/14  (0) 

3/23  (13) 

3/23  (13) 

2/13  (15) 

4/13(31) 

D13S267 

13ql2— 13 

0/11  (0) 

0/11  (0) 

3/21  (14) 

7/21  (33) 

1/12(8) 

2/12(17) 

D13S289 

13ql2-13 

0/7  (0) 

0/7  (0) 

3/11  (27) 

2/11(18) 

1/5  (20) 

3/5  (60) 

aNo.  lesions  affected/no.  informative  cases  (%). 
bFisher’s  exact  test,  P  <  0.05. 
cFisher’s  exact  test,  P  <  0.01. 
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